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Abstract
C rustaceans from a finely laminated shale above the Top Hosie Limestone 
(Limestone Coal Group) were discovered in 1981 by Mr S. P. Wood at Bearsden, 
near Glasgow. Spores common to the B e l l isp o re s  n i t i d u s - R e t i c u l a t i s p o r i t e s  
c a r n o s u s  (NC) Zone, conodonts from the K l a d o g n a t h u s - G n a t h o d u s  g i r t y i  
s i m p l e x  Zone, and goniatites of C r a v e  n o c e r a s  leion El Zone, suggest a 
Pendleian (Namurian) age for the shales. These shales form part of a newly 
defined formation, the Manse Burn Formation, for which the tvpe localitv is 
the Manse Burn, near Bearsden (NS529427329-NS53057325). The Manse Burn 
Formation has been further subdivided into six members on the basis of the 
fossil content and sedimentological characteristics of the shales, the Shrimp 
Member, the Posidonia Member, the Nodular Shale Member, the Platey Shale 
Member, the Betwixt Member, and the Lingula Member. The Shrimp Member of 
the Manse Burn Formation has been recognised at several other localities in the 
w estern M idland Valley of Scotland, the Hindog Glen (NS27905115), the 
Swinlees Glen (NS29415342), the Powgree Burn (NS33635219), Lochermill 
(NS24106472), the Red Cleugh Burn (NS65567846), the Burniebrae Burn 
(NS66037818), the Corrie Burn (NS68707876), and at East Kilbride (BGS bore 
hole data, filled quarries locations unknown).
The Shrimp Member, which contains the greatest abundance of crustaceans, is 
restricted to a basin bound to the north by the Paisley Ruck and the Campsie 
Fault, to the south by the Dusk Water Fault, to the west by Arran, and to the 
east by the Kincardine Basin and the central Glasgow Basin. The areas to the 
north, west, and south are considered to be areas of positive relief during the 
deposition of the Manse Burn Formation. To the east the basin was open to 
either marine or fresh water influences dependant on seasonal increases in the 
freshwater input. The shales of the Manse Burn Formation were deposited in 
conditions which varied in both oxygenation and salinity conditions. The 
Shrim p M em ber was deposited in an environm ent which was seasonally 
influenced by marine or non-marine water sequentially, the Posidonia Member 
and the Platey Shale Member were deposited in more marine episodes with 
variable oxygen levels, the N odular Shale Member and the Betwixt Member
represent shales with the least marine character, and the Lingula Member has 
characteristics of both m arine and non-m arine influences and variable 
oxy§£n3tion levels. Towards the top of the Manse Burn Formation, the dep>osit 
becomes sandier with the onset of more terrestrial conditions. The Shales of the 
Manse Burn Formation appear to have been deposited in a low-energy back 
barrier lagoon with restricted marine access from the east.
M any of the crustaceans have been preserved in francolite, which has 
prevented the normally rapid bacterial decay of the crustaceans, preserving 
the helico idal u ltras tru c tu ra l detail of the cuticle, and possibly a 
representation of the original chemistry as well. The sodium concentration of 
the cuticle may provide a key to the life environment and salinity tolerances of 
the crustaceans. The crustaceans are also preserved as drusy calcite outlines, 
and calcareous microconcretions. Other modes of preservation include the 
rosette calcite structure of the myodocopids, pyrite replacement of the bivalves 
and some crustaceans, and the calcite recrystallization of bivalve shells.
The crustaceans contained w ithin these shales include, T y r a n n o p h o n t e s  
p a t t o n i ,  T e a l l i o c a r i s  r o b u s t a ,  C r a n g o p s i s  e s k d a l e n s i s , P a l a e m y s i s  d u n l o p i ,  
M i n i c a r i s  b r a n d i ,  and C y c l u s  r a n k in i .  The first four of these, and C y c l u s  
r a n k in i ,  are members of the same palaeocommunity, which is here defined as 
the W estern M idland Valley of Scotland Crustacean Palaeocom munity. 
M in ic a r i s  b rand i  is not considered to be part of the same palaeocommunity, as 
it is not preserved in the same manner as the other crustaceans, and is thought 
to have entered the back barrier lagoon from streams or rivers. T y r a n n o p h o n te s  
is considered to be a stenohaline stom atopod adapted to normal marine 
conditions. Tea ll iocar is  is a euryhaline decapod which appears to be best 
adap ted  to w aters of higher salinity. C r a n g o p s i s  and P a l a e m y s i s  both 
appear to be euryhaline and adapted to cope with lower salinities as well as 
normal marine salinities. The distribution of the crustaceans in the back barrier 
lagoon suggests that the salinity decreases towards the west.
P s e u d o t e a l l i o c a r i s  e t h e r i d g e i  is synonym ised with T e a l l i o c a r i s  e t h e r i d g n  
and T e a l l i o c a r i s  r o b u s ta ,  and doubt is cast on the validity of the genus
P s e u d o t e a l l i o c a r i s .  W a t e r s t o n e l l a  g r a n t o n e n s i s  is considered to be 
synonym ous with C r a ng o p s i s  eskdalens is ,  and specimens of the former differ 
only in their state of preservation. Ara t i dect he s  is possibly synonymous with 
P a l a e m y s i s , based on a comparison of the published figures of A r a t i d e c t h e s  
and the newly observed morphological characteristics of P a l a e m y s i s .  C y c l u s  
r a n k i n i  is re ta ined  w ithin the genus C y c l u s  due to the sim ilarity of 
morphology and relative dimensions with the convex forms of this genus.
Enterospirae from the Shrimp Member provide an account of the interactions 
between the predators within the back barrier lagoon. One distended spiral 
heteropolar enterospire may represent a gut-fill of a P e t r o m y z o n - Y i k e  animal. 
Most of the enterospirae are compact spiral heteropolar in form and contain 
abundant fish debris. Several enterospirae contain abundant bivalves and may 
represen t gut-fills of an animal, which either lacks a stomach, or has an 
alkaline stomach, such as that found in chimeras.
Enterospirae can also provide useful information on the diagenetic pore fluids 
which pass through the shales as they contain a large am ount of prim ary 
porosity . F luids rich in calcite, quartz, and kaolinite, produced early 
cem entation of the pores. A later baryte cement infills some enterospiral pore 
spaces. One enterospire from the Shrimp Member provided a 87S r /86Sr ratio of 
0.708 suggesting a marine source for the strontium. The 313CpQg (-11.24, -11.29) 
and  the 31 8 O p D p (-7.22, -7.32) values suggest, how ever, that the 
phosphatisation of the enterospire occurred in meteoric conditions.
Chapter 1
Introduction
This project was initially conceived as a result of a pa laeon to log ica l 
excavation of N am urian (Lower Carboniferous) crustacean bearing shales 
carried out at a site in the Manse Bum, Bearsden, near Glasgow, from April 1981 
to Septem ber 1982, by Mr. S. P. Wood, formerly of the Hunterian M useum 
(Glasgow University). The main aim of this project, as first formulated, was to 
determ ine the environmental and evolutionary significance of the crustaceans 
collected from this locality.
1.1 The Bearsden excavation.
A short history of the discovery, and excavation of the Bearsden locality, 
based on letters ( c o m m . ) ,  notes ( n o t . ) ,  radio and television interview s 
( r a d . / T V  i n t e r v . ) ,  and press cuttings (pres s  c u t . )  held in the files of the 
Hunterian Museum, is presented b ow.
1.1.1 The discovery of the crustacean bearing shales of the Manse Burn.
On Sunday the 22nd of March 1981, Mr. S. P. Wood was walking his dog along 
the Manse Burn, near his home in Bearsden, when he happened upon some 
fossiliferous shales (Wood 25 March 1981 co m m . ,  Good Morning Scotland 2 July 
1981 rad.  i n t e rv . ,  Collier 1982). The Bearsden and Milngavie District Council 
w ere du ly  notified of the discovery (Rolfe 23 April 1981 c o m m . ) ,  and 
permission was soon granted for a small exploratory excavation to proceed (Rae 
1 May 1981 c o m m . ,  Rolfe 5 May 1981 co mm. ) .
The discovery was later released to the press with details of the pending 
excavation (Hunterian Museum 23 June 1981 com m . ) .  The excavation took place 
from the 24th to the 31st of June 1981. The first fossil crustaceans to be uncovered 
w ere P a l a e m y s i s  and C y c l u s ,  which were described as ’this beautiful 
creature', and 'circular like a new penny' respectively by Mr. S. P. Wood in an
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interview  (Good Morning Scotland 2 July 1981 rad. i n t er v . ) .  Other animals 
discovered, at this time, included eighteen species of fish, of which five were 
sharks, and five crustacean genera; P a l a e m y s i s ,  T e a l l i o c a r i s ,  M i n i c a r i s , 
Cr an g o ps i s ,  and C y c l u s  (Wood 12 August 1981 comm.) .
D espite the obvious success of the excavation, the local residents of the 
Baljaffray Estate were concerned about several matters concerning the site 
(McCulloch 7 September 1981 comm.):
1) no notice of the excavation was given to the local residents,
2) the excavation was left uncovered and unlit at night,
3) the course of the Manse Burn could have been altered, and
4) the hole was not satisfactorily filled-in.
These points were taken into consideration before a second larger excavation 
took place.
1.1.2 The major excavation in the Manse Bum, Bearsden.
A further application was subm itted for a larger excavation to take place 
dow nstream  of the initial site, with the added request for permission to sell 
some of the material obtained, to cover costs (Rolfe 1 February 1982 c o m m . ) .  
Soon after Mr. Wood had presented a lecture to the Geological Society of 
Glasgow (11 February 1982) on the Bearsden discoveries, permission for all 
requests regarding the second excavation were granted by the Bearsden and 
M ilngavie District Council (Rae 3 March 1982 c o m m . ,  Rae 23 March 1982 
c o m m . ,  Rolfe 25 March 1982 c o m m . ) .  The excavation commenced on the 5th of 
April 1982, and work continued until the 13th of September 1982. Much of the 
funding for equipm ent was provided by the Nature Conservancy Council, and 
the m anpower was provided by funding by the Manpower Services Commission 
Youth Opportunity Programme.
The. progress of the excavation was interfered with by children causing delay 
and concern over the safety of the excavation site (Baljaffray Residents 
Association N ewsletter May 1982 c o m m . ) .  The site was eventually rendered 
hazardous by flooding caused by vandalism, and the site had to be filled-in in
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accordance with the prior agreement between the Hunterian Museum and the 
Bearsden and Milngavie District Council (Milngavie and Bearsden Herald 4 
November 1983 press cut . ,  11 November 1983 press cut .).
The excavation was not only of great scientific interest, but also became an 
educational public relations exercise, stimulating much interest amongst local 
children, and the media (Milngavie and Bearsden Herald 6 August 1982 press  
c u t . ,  12 Novem ber 1982 press  cut . ,  11 February 1983 press  cut . ,  4 November 
1983 press  cut . ,  11 November 1983 press cut . ,  Sunday Mail 27 June 1982 pr e s s  
c u t . ) ,  being reported as far away as Trinidad (Trinidad Herald 29 July 1982 
press  cu t . ) .  A British Broadcasting Corporation television program  was also 
produced to mark the discovery: 'Stan, Stan the fossil man' (BBC T V  interv. ) .
Despite the site being of historic interest, no move has yet been taken to erect a 
vandal-proof plaque commemorating this discovery, although this suggestion 
has been accepted by the Bearsden and Milngavie District Council (Rae 16 
December 1982 comm. ) .
1.1.3 Scientific recording and the resulting research projects.
A large am ount of information and many specimens were collected by field 
assistants, volunteers, and staff from the Hunterian Museum, during the course 
of the major excavation at Bearsden. A record of this material is held in the 
Hunterian Museum, some of it being used in this thesis, presented either in the 
appendix or in graphical form with the text.
During the major excavation of the Bearsden locality, applications were made 
to the N atural Environmental Research Council for projects on the fish fauna, 
and the crustacean fauna. The project on the fossil fish from Bearsden was 
proposed by Dr. A. L. Panchen of Newcastle University and research was 
carried out by Mr. M. Coates.
The project on the crustacean fauna was proposed by Dr. W. D. I. Rolfe and Dr. 
G. E. Farrow of Glasgow University. Mr. J. G. Sharp, formerly of Edinburgh 
University, initially accepted the project but, soon after found himself unable
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to continue the research. The project was finally allowed to continue with 
another researcher to which post the present author was appointed in October 
1985. By this time Dr. G. E. Farrow had already left the Departm ent of 
Geology at Glasgow University, and Dr. W. D. I. Rolfe accepted a post at the 
Royal M useum  of Scotland in Edinburgh after the completion of a year of 
research on the project. Despite this move, Dr. W. D. I. Rolfe kept an active 
interest in the developm ent of the project, and has contributed much to its 
progress. Dr. C. J. Burton has supervised the field research phase and final 
developm ent of the project, which has led to the discovery of further 
crustacean bearing shales, at the equivalent horizon to those found at Bearsden, 
w ithin the bounds of the Midland Valley of Scotland.
1.1.4 List of news items and broadcasts referenced.
2 July 1981, 06:30. Archaeological goodies beneath Bearsden. serial 073039/PB.
Good Morning Scotland.
27 June 1982. Shark find. Sunday Mail.
29 July 1982. Big catch of well preserved prehistoric fish off Glasgow. Trinidad 
Guardian.
6 August 1982. Kids 'dig' those fossils. Milngavie and Bearsden Herald.
12 Novem ber 1982. Council may get shark fossil. Milngavie and Bearsden 
H erald .
11 February 1983. Shark display. Milngavie and Bearsden Herald.
4 Novem ber 1983. Fossil man's remarks irk council. Milngavie and Bearsden 
H erald .
11 November 1983. Fossils site not to be open to public. Milngavie and Bearsden 
H erald .
1.2 Aims and development of the project
Olson (1952, 1966) proposed that there existed a general persistence of 
com m unity structure through time despite changes in the com ponent taxa. 
Schram (1981a) suggested that several Palaeozoic crustacean assemblages could 
be recognised as palaeocommunities, and that Olson s theory could be applied
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to construct crustacean community phvlogenies. The material collected from the 
excavation at Bearsden provided an opportunity to test Schram's (1981a) 
com m unity hypothesis, as crustaceans characteristic of both the brackish water 
and near-shore marine communities were found. This thesis was also intended 
to test the validity of a crustacean community phylogeny hvpothesis bv a 
detailed study of the crustaceans obtained from the Bearsden excavation, and 
from other Palaeozoic localities around the world. Prior to any discussion of 
community phylogeny, it was important to determine whether of the crustacean 
communities, proposed by Schram (1981a), were acceptable. The assemblage of 
crustaceans from Bearsden was, therefore, critically examined in terms of their 
preservation, taxonomy, palaeoecology, and life environment. The bulk of this 
thesis concentrates on constraining the life environment of the Carboniferous 
crustaceans from the western M idland Valley of Scotland to produce a 
foundation on which future studies on fossil crustaceans could be built, perhaps 
eventually  resulting  in a better understanding of crustacean com m unity 
phylogenies.
The main aims of this thesis were adapted slightly from the original proposal 
to place more emphasis on:
1) discovering the stratigraphical position of the shrimp bearing 
shales in term s of bio- and lithostratigraphy. The stratigraphical position of 
the Bearsden locality was initially not precisely known, due to the lack of 
exposed lithostratigraphical markers, although, it was correctly placed at the 
horizon  of the Top Hosie Limestone (Wood 1982) on the basis of the 
b io stra tig rap h y ,
2) determ ining the sedim entary environm ent and palaeo- 
geom orphology (i.e. geographical and oceanographical situation) of these 
shales, from further shrim p bearing shales at the same geological horizon. 
Fieldwork in the M idland Valley of Scotland was carried out to determine the 
full extent of the shrim p bearing shales, which resulted in several new
localities being discovered,
3) studying  the diagenesis of the shales and preservation
potential of the crustaceans, as well as studying the processes resulting in their 
p reservation . In the light of much recent palaeontological interest in
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taphonom y and early diagenesis, the phosphatisation of these crustaceans 
provided an opportunity to add to the debate, as well as to further constrain 
the environm ental conditions in which the crustaceans lived,
4) analysing the phylogenetic relationships of the fossil 
crustaceans in terms of their anatomy and taxonomy. Despite the volume of 
work on the taxonomy of Carboniferous fossil crustaceans, the identification of 
some taxa is suspect, often because of lack of evidence. The richness of the 
faunas herein described justified an attem pt being made to rectify existing 
phylogenies,
5) d iscussing the feasibility of applying com m unity, and 
com m unity phylogeny, to the assemblage of crustaceans from these shales. As 
the shales containing the crustaceans persists for a period of at least 10,000 
years, the assem blage is considered to be a part of a palaeocom m unity 
dom inated by crustaceans. The crustacean community cannot be considered in 
terms of com m unity phylogeny, as it is not possible to regard the community 
holistically, and therefore cannot be reliably compared with communities from 
other periods,
6) de term in ing  the palaeoecological significance of their 
association. An environm ental discussion is constructed on the basis of the 
distribution of the crustaceans, and changes in the crustacean community, across 
the M idland Valley of Scotland. Chemical analyses of the cuticle may provide 
further constraints on the environmental tolerances of these crustaceans, and 
m ay explain their distribution within the Midland Valley of Scotland.
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Chapter 2
S tra tig raphy
The shales of the Bearsden locality of Wood (1982) have been identified at 
several other localities within the bounds of the Midland Valley of Scotland 
(MVS) an d  have been  p laced  in their lith o s tra tig rap h ica l and 
b iostratigraphical contexts. Biostratigraphically, these shales, which occur 
above the Top Hosie Limestone (THL), and the shales below the THL, have 
yielded conodonts from the K l a d a g n a t h u s - G n a t h o d u s  g i r t y i  s i m p l e x  Zone, 
spores of the NC Zone, and goniatites of the Pendleian El Zone of the 
N am urian  Series. Lithostratigraphically, the shales belong to the Limestone 
Coal Group. These shales belong to the newly named Manse Burn Formation, 
which has been further subdivided into Members broadly corresponding to the 
'beds' presented by Wood (1982). The Manse Burn Formation has been erected to 
include the shales from the top the Top Hosie Limestone Marine Band to the 
base of the first thick sandstone. The THL is thought to be close to, but above, 
the boundary between the Brigantian (Visean) and the Pendleian (Namurian) 
Currie (1954).
2.1 B iostratigraphy.
2.1.1 Conodonts (see Plate 4.2e, f).
Some unidentified  conodonts from beds 'B' (=Posidonia Member) and D 
(=Platey Shale Member) were recorded by Wood (1982). Most of these are 'S’ 
elem ents probab ly  from  assem blages belonging to C a v u s g n a t h u s  and 
G n a t h o d u s .  Further conodont elements were obtained, by acetic acid etching 
and by paraffin  saturation  of the shales from the Posidonia Member at 
Bearsden. This has provided Pa elements (45 elements in 1.3kg of shale) of 
C a v u s g n a t h u s  n a v i c u l u s  (Hinde), G n a t h o d u s  g i r t y i  Hass (m orphotype 
'in term edius '), G n a t h o d u s  g i r t y i  Hass (morphotype 'girtyi'), and G n a t h o d u s  
g i r t y i  Hass (m orphotype unknown) (Dean pers .  c o m m . ,1987, Higgins 1975,
1984).
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The range of the elements based on the zonation of Higgins (1975,1984), suggests 
that this assem blage belongs to the K l a d o g n a t h u s - G n a t h o d u s  g i r t y i  s i m p l e x  
Zone of the Pendleian Stage. Clarke (1961), recorded a number of 'Pa' conodont 
elem ent genera from  the THL horizon in Scotland which included 
C a v u s g n a t h u s  i n f l e x u s  and G n a t h o d u s  c l a v a t u s  which have since been 
synonym ised w ith C a v u s g n a t h u s  n a v i c u l u s  and G n a t h o d u s  g i r t y i  respectively 
(Higgins 1975). Craig (1954) recorded a similar conodont fauna from the shales 
below the THL near Kilsyth.
The lateral segregation of conodont faunas can be modeled on their distribution 
relative to a shore line in the Dinantian and Early Namurian (Dean 1987). The 
C a v u s g n a t h u s  elem ent bearing animal is thought to be nectobenthic and 
euryhaline, living in littoral inner shelf waters. The G n a t h o d u s  element 
bearing anim al, however, is thought to be a more offshore pelagic animal 
characteristically  found in basinal environm ents of norm al salinity. The 
distribution of G n a t h o d u s  appears to be governed mainly by ocean currents and 
tem p era tu re  irrespective of bottom  w ater conditions. The most likely 
environm ent present during the deposition of the Posidonia Member and the 
P latey Shale M em ber is that of a shallow shelf sea with normal marine 
sa lin ity .
The conodont elements are found scattered over the bedding surfaces and have 
not been found in natural assemblage associations. This is presumably due to 
being moved by bottom water currents after decay of the soft body parts. In some 
specimens several Sc elements are found in close association, one is found as a 
partially  disarticulated bedding-plane assemblage with one Pa element and 
some S elements.
2.1.2 Spores (see Plate 4.2h, i, j).
The shales of the Shrimp Member to the Lingula Member at Bearsden, and 
equivalen t localities near Glasgow, contain spore genera common to the 
B e l l i s p o r e s  n i t i d u s - R e t i c u l a t i s p o r i t e s  c a r n o s u s  (NC) Zone of Neves et al. 
(1972) (= R o t a s p o r a  k n o x i  (III) of Smith and Butterworth 1967). The lower
boundary  of this zone was placed in the middle of the P2 goniatite zone 
(Brigantian) and extends to the top of the El goniatite zone (Namurian) (Owens 
et al. 1977). The m ost common of the spores are L y c o s p o r a  n o c t u i n a  
B utterw orth  and W illiams 1958, L. pus i l la  (Ibrahim) Schopf, Wilson, and 
Bentall 1944, D e n s o s p o r i t e s  a n n u l a t u s  (Loose) Smith and Butterworth 1967, 
D. i n t e r m e d i u s  B utterw orth and Williams 1958, D. t r i a n g u l a r i s  Kosanke 
1950, S c h u l z o s p o r a  e l o n g a t a  Hoffmeister, Staplin, and Malloy 1955, and 
L e i o t r i l e t e s  t u m i d u s  B utterw orth and Wiliams 1958. At the base of the 
N am urian El several new elements enter into the an expanded fauna (Owens et 
al. 1977). Elements of this expanded fauna are found at Bearsden including 
V e r r u c o s i s p o r i t e s  m o r u l a t u s  (Knox) Smith and B utterw orth 1967, and 
G r u m i s i s p o r i t e s  r u f u s  (B utterworth and Williams) Smith and Butterworth 
1967. Bel l i spores  n i t i d u s  (Horst) Sullivan 1968 also occurs as a minor element 
at Bearsden.
M arine shale assemblages have different relative proportions of the various 
genera to those of coal-seams. The coal-seam assemblages are dominated by 
L y c o s p o r a ,  D e n s o s p o r i t e s  and S c h u l z o s p o r a ,  and marine shale assemblages 
are dom inated by saccate spores (Neves 1961). In non-marine shales there is a 
w ider diversity of spore species containing both marine shale forms and coal 
seam  forms due to interm ixing of the microfloras. At Bearsden, the spores 
suggest a m ixture of both a coal assemblage, dom inated by L y c o s p o r a ,  
S c h u l z o s p o r a ,  and D e n s o s p o r a ,  as well as a marine shale assemblage with 
A c a n t h o t r i l e t e s .  The THL, the Shrimp Member, the Posidonia Member, and a 
5cm thick black m ud from the Nodular Shale Member all have similar spore 
concentrations though a slight increase in the percentage of Lycospora can be 
observed up-succession suggesting a gradual increase in non-marine influences 
(500 spores were counted for each member and the THL) (Fig 2.1 a-d).
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Figure 2.1 The spore composition of the Manse Bum Formation and the THL.
a) the spores of the THL 
2 5 . 9 9 %
4 . 13%
1 .0 3 %
1 6 . 0 1 %
1 5 . 12 %
6 . 19 %
5 .5 0 %
0 .3 4 %)
b) spores from the Shrimp Member 
12 .88 %
5 2 .5 0 %
2 .4 0 %
2 .4 0 %
□ L y c o s p o r t
a S c h u lzo sp o r*
D e n so s p o r t
m A c m t h o t r i l U a
□ P u n c la lu p o r i le sm O th tr  sp o r ts
68 .3 9 %
5 .82 %
2^.79'
16 . 6 4 %
14 .3 6 %
c) spores of the Posidonia Member d) spores from the Nodular Shale Member
Correlation across the MVS is difficult due to the facies dependancy of the 
spores. Most spore studies have been based on coal seam assemblages to provide 
consistency in the analyses. The result of studies done across the Visean- 
N am urian  b oundary  show  that their are no major microfloral changes 
(B utterworth 1967).
2.1.3 Goniatites.
Specimens of goniatites from the MVS are rare from the THL horizon and only a 
few well preserved goniatites have been previously recorded. The THL 
equivalent at East Kilbride has yielded C r a ve  noceras  s c o t i c u m  Currie 1954 
which has been com pared with C. leion Bisat 1930 of the El index zone in 
England (Currie 1954) and is thought to represent an index fossil for the
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Pendleian El of Scotland. Fragments of C. s c o t i c u m  were found from shales 
below the THL horizon, along with fragments of D i m o r p h o c e r a s  sp . ,  placing 
the boundary  between the Brigantian P2 (Visean) and the Pendleian El 
(N am urian) stages below  the THL (Currie 1954). The specim ens of 
D i m o r p h o c e r a s ,  also found at East Kilbride, are similar in form to D. 
pl icat i l i s  Moore 1939 (Currie 1954).
2.1.4 General comment.
Aisenverg et al. (1979a) suggested that the Pendleian may correspond to the 
Lower Serpukhovian of the Lower Carboniferous in the USSR. The upper limit 
of the Lower Carboniferous in the USSR is taken to be the boundary between the 
S erpukhovian  (N am urian  E1-H2 goniatite zones) and the B ashkirian 
(N am urian R1 goniatite zone-Lower s imi l i s - pu l ch ra  non-marine bivalve zone 
of the W estphalian B) where there is a major extinction (Aisenverg et  al. 
1979a, 1979b). In Britain, until recently, the boundary between the Lower and 
Upper Carboniferous has been taken to be at the base of the Nam urian El 
(Higgins 1984). It is now thought to occur at the major extinction at the top of 
the Upper m u r i c a t u s  Zone at the top of Arnsbergian (=goniatite zone E2 of the 
Namurian) (Lane and Manger 1985; Ziegler and Lane 1987) which is equivalent 
to the M ississippian-Pennsylvanian boundary in North America (Aisenverg et  
al. 1979b), but below the extinction recognised in the Russian stratigraphy of 
the D onetz Basin (ie: the Serpukhovian  (N am urian  H 2)-Bashkirian 
(Nam urian Rl) extinction).
Although many of the species used in the biostratigraphic zoning of this part of 
the Carboniferous are long ranging, the associations of species suggest that the 
shales of the Manse Burn Formation belong to the basal Pendleian (Namurian, 
Lower Carboniferous).
2.2 L ithostratigraphy.
2.2.1 Sedimentation and stratigraphy of the Lower Carboniferous in the MVS. 
The C arboniferous of the MVS consists of sedim ents of laterally varying
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thickness which lie, for the most part, conformably on Old Red Sandstone 
sediments. The Tournaisian, the Visean, and the basal part of the Namurian 
(Francis 1983; Aisenverg et  al. 1979a, 1979b) form the three stage subdivision 
of the Lower Carboniferous. The Middle Carboniferous is also well represented 
in Scotland, from the middle Namurian to the upper Westphalian (Aisenverg 
et a l  1979a, 1979b).
The Tournaisian lithologies are mainly argillaceous and dolomitic limestones 
of a semi-arid environment. These gave rise in the early Visean to oil shales 
in an enclosed basin surrounded by the Clyde and Forth lavas to the north, west 
and  east and by the Southern U plands to the south, w ith alluvial 
sedimentation periodically invading the basin from the NE, in Fife.
Shallow marine limestones interfinger with the deltaic sandstones and coals in 
later Visean times becoming more fluvio-deltaic in the early Nam urian. 
Marine conditions produced limestone sequences in the later Namurian, of the 
M iddle Carboniferous, which gave rise to a further shallow ing and the 
deposition of fluvial sediments with only the occasional marine incursion. In 
the W estphalian, fluvial sedimentation continued with the addition of coal- 
bearing strata.
Table 2.1 The Carboniferous succession in the Midland Valley of Scotland (after 
Patterson and Hall 1986, and Francis 1983).
GROUP FORMATIONS AGE
Mi os pore 
Zone
Goniatite
Zone
LIM ESTONE COAL  
GROUP
LOWER
C A R BO N IFE R O U S
(N A M U R IA N ) NC
El
M anse B um  F orm ation
LOW ER LIM ESTONE  
GROUP LOWER
C A R BO N IFE R O U S
P2
VF
▲STRATH CLYDE Lavvm uir Form ation PI
GROUP C lv d e  P la teau  V o lcanic F o rm atio n (D IN A N T IA N ) T t
INV ER C LYD E
C ly d e  S an d sto n e  F orm ation
B allagan  F o rm atio n i 1
B1K innessw ood  F orm ation UPPER D E V O N IA N CM
The correlation of chronostratigraphic units across the MVS is based mainly on
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the correlation of laterally extensive lithologies and formations (George et al. 
19"7b)- The lowest lithostratigraphic unit, the Calciferous Sandstone Measures, 
has recently been revised and subdivided into two groups; the Inverclyde Group 
and the Strathclyde Group. The Inverclyde Group includes part of the Upper 
Old Red Sandstone from the old nomenclature (Paterson and Hall 1986). The 
actual boundary between the Upper Devonian and the Lower Carboniferous is, 
however, still unclear due to a lack of zone fossil evidence.
Above the Calciferous Sandstone Measures in the MVS is the Lower Limestone 
Group which is bounded at the base by the Hurlet Limestone and at the top by 
the THL. The Limestone Coal Group overlies the Lower Limestone Group and 
includes the Manse Burn Formation at its base in the Glasgow area (see Tables 
2.1, 2.2). The boundary between the Brigantian and the Pendleian corresponds 
closely w ith the boundary between the Lower Limestone Group and the 
Limestone Coal Group (Francis 1983).
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Table 2.2 The Biostratigraphy and Lithostratigraphy of the M anse Burn 
Formation.
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2.2.2 The Manse Bum Formation.
The Manse Bum Formation, and its associated members, are defined according 
to the stratigraphical procedure suggested by Holland et al. (1978).
T y p e  local i ty:  M anse Burn, Bearsden, S trathclyde Region, NS52947329- 
NS53057325 (Ordnance Survey sheet NS 57 SW)
Boundaries:  The upper boundary of the Manse Burn Formation is not exposed at 
this locality but is represented at other localities by a thick unnamed sandstone 
unit. The lower boundary is the upper limit of the Lower Limestone Group 
which is represented by a marine shale containing a similar high diversity 
fauna to the THL. The formation consists mainly of dark grey shales containing 
a restricted fauna. The faunal changes resulting from m inor changes in 
environm ental conditions delineate further divisions, or members, within the 
Manse Bum Formation.
Des c r ip t i o n :  The Manse Burn Formation consists mainly of shales although it 
also includes the Johnstone Clay Band Ironstone. The formation is here further 
subdivided into six members reading from the base upw ards, the Shrimp 
Member, the Posidonia Member, the Nodular Shale Member, the Platey Shale 
Member, the Betwixt Member, and the Lingula Member.
The Shrimp Member is not fully exposed in this area and its full extent was not 
realised during the excavation of Wood (1982). It is faulted against the marine 
shale at the top of the Lower Limestone Group at the northwestern exposure 
(NS52947329). The sediment at this horizon is a grey shale consisting of fine 
lam inae and a fauna consisting mainly of crustaceans, fish, and bivalve spat. 
This m em ber is called the Shrimp Member due to the large num ber of 
crustaceans obtained from this horizon during the excavation (Wood 1982). It 
can be as much as 280cm thick in the Bumiebrae Bum of the Campsie Hills.
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Figure 2.2 Locality map for the Manse Burn at Bearsden, near Glasgow, 
Imposition of initial excavation; 2=position of major excavation; sm=Shrimp 
M ember; pm =Posidonia Member; nsm =Nodular Shale Member; psm=Platey 
Shale M ember; bm=Betwixt Member; lm=Lingula Member; c= C r a n g o p s i s  
m arker band; grid lines are NS724 and NS530. This map is based on a map held 
by the NCC Geological Review Unit, Newbury, and by the Hunterian Museum 
(Wood 1982).
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The Posidonia Member is well exposed and consists of 48cm of dark fissile shale 
contain ing  abundan t P o s i d o n i a  c o r r u g a t a .  The fauna also includes other 
bivalves, nautiloids, goniatites, E u p h e m i t e s  s p . r juvenile gastropods, bivalve 
spat, P r o d u c t u s  sp. , plant debris, conodonts, fish, and sharks. This member can 
be traced to other localities in the Campsie Hills and is reported to contain 
specimens of P. cor rugata  of up to 15cm breadth (Macnair and Conacher 1914). 
Rare eum alacostracan crustaceans have been reported from the top of this 
member (Wood 1982).
The N odular Shale Member is also well exposed at Bearsden and is largely 
devoid  of m acrofossils except for the occasional bivalve and very rare 
crustaceans. The shale is poorly bedded and contains a number of calcareous 
nodules of aboutl8cm  width and 7cm height and also three thin mud beds (1cm, 
1.5cm, and 5cm thick). The total thickness of this member is approximately 
187cm.
The Platey Shale Member is approximately 28cm thick and consists of a dark 
grey fissile shale containing rare disarticulated fish debris and abundant 
bivalve spat. The fauna also includes other bivalves, conodonts, nautiloids, and 
rare eumalacostracan crustaceans and Lingula .
The Betwixt M ember is largely unfossiliferous but occasionally contains 
solitary bivalves and ostracods. It consists approxim ately 80cm of poorly 
bedded grey shales and is called the Betwixt Member because it separates the 
m ore m arine shales of the Shrimp Member through to the Platey Shale 
Member from the less marine shales of the Lingula Member.
The Lingula Member consists of a number of interbedded calcareous shales with 
poorlv fissile shales which contains a fauna of L i n g u l a  and N a i a d i t c s  along 
with rare eumalacostracan crustaceans. A 0.2cm Crangops is  marker band occurs 
at the base of this member (Wood 1982). The thickness of the Lingula Member is 
not fully exposed at this locality but is over 100cm thick. Conodonts have been 
found associated with Crangopsi s  in the marker band.
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The rest of the Manse Burn Formation is not exposed at this locality and has not 
been subdivided further as most of the rest of the formation is unfossiliferous 
except for the Johnstone Clay Band Ironstone. None of the micaceous shales and 
siltstones which occur above the Lingula Member, and below the thick mature 
sandstone which tops the formation in the Campsie Hills, are exposed at the 
Manse Burn locality. The total thickness of the Manse Burn Formation in the 
Campsie Hills is approximately 40m.
The M anse Burn locality was chosen as the type section for the Manse Burn 
Form ation because most of the fossiliferous members are presently exposed, 
there is easy access to the exposures, and the locality was the site of a major 
excavation conducted by the Hunterian Museum. The only problems with this 
locality are that the base of the Shrimp Member, and part of the Lingula 
Member, and above, are not exposed here.
2.2.3 The distribution of the Top Hosie Limestone.
The distribution of the THL was studied to determine the lateral extent of the 
m em bers w ithin the Manse Burn Formation and to assess the shrimp-bearing 
potential of the shales overlying the THL to provide constraints on the 
distribution of the Shrimp Member.
The THL has been much documented in the past and has been shown to extend 
laterally across most of the MVS and has been correlated with other limestones 
and m arine shales based on their palaeontology and relative position within 
the stratigraphic column. It is especially prom inent and best exposed in the 
Glasgow area. The top of the THL has been taken to represent the top of the 
Lower Limestone Group of the Carboniferous Limestone Series (Clough et al. 
1925; W hyte 1981; Forsyth and Wilson 1965; Wilson 1966; Mykura et al. 1967). 
M acnair (1915, 1917) extended the Lower Limestone Group to include the
(Ta.'o\e2’Z) , n
Johnstone Shell Bed/and Clough et  al. (1925, p46) suggested that an equally 
good argum ent could be made for placing the boundary between the Lower 
Limestone Group and the Limestone Coal Group at the even higher level of the 
Black Metals. The position of the boundary between the Lower Limestone Group
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and the Limestone Coal Group is taken, herein, to be the top of the marine 
shale contain ing a highly diverse benthic m arine fauna sim ilar to that 
con ta ined  in the THL. The position  of the boundary  betw een the 
biostratigraphic zones of the Brigantian P2 and the Pendleian El goniatite 
zones, however, occurs somewhere below the Top Hosie Limestone. This should 
not be confused with the position of the boundary between the Lower Limestone 
G roup and the Limestone Coal Group which is based on lithostratigraphic 
units.
In East Lothian, the limestone at the top of the Lower Limestone Group is the 
Bamess East Limestone of Bamess (Peach and Horne 1910). Closer to Edinburgh 
there are few exposures of the equivalent horizon. In the Bilston Burn there is a 
good section of the Lower Limestone Group including the Bilston Burn Limestone 
which is considered to be the equivalent of the THL (Peach et al. 1910). The 
Bilston Burn Limestone is equivalent to the Limestone no. 3 of Howell and 
Geikie (1861).
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Figure 2.3 Locality map for the M idland Valley of Scotland. l=C cres; 
2 = A rdross; 3=R adernie; 4 = Lathallan; 5=St. M onans; 6=B albougie; 
7=Charleston; 8=Elie; 9=Co\vdenbeath; 10=Briechwatcr; 11=Bilston Burn; 
12=Denny; 13=Dunipace; 14=East Kilbride; 15=Corrie Burn; 16=Muirkirk; 
17=Lesmahagow; 18=Laggan; 19=Corrie; 20=Dalry; 21=Bcith; 22=Bridge of 
Weir; 23=Bearsden; 24=Spouthead; 25=Machrihanish; R.H.=Renfrew Hills; 
G=Glasgow; E=Edinburgh.
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In Fife, the THL horizon is also not very well exposed. The top of the Lower 
Limestone Group here is thought to be the Upper Kinniny Limestone. In eastern 
Fife this level is represented by a marine shale, the lower limit of which has 
been taken to be the upper limit of the Lower Limestone Group by Forsyth et al. 
(1977). The maximum thickness seems to be confined between the Ardross and 
Ceres faults in the Lathallan-Radernie zone (Forsyth et al. 1977). The Upper 
Kinniny is found in the stream below Balbougie near Inverkeithing and is 
recognised by the abundance of B e l l e r o p h o n  (Peach et al. 1910). P. cor ru ga ta  
has been recorded from the Upper Kinniny Limestone horizon near Charlestown 
and Rosyth in a shale below the limestone (Peach et al. 1910). On the shore at 
Elie there is an exposure of the Red Limestone (Cummings 1928) which has been 
identified as being equivalent to the THL (Forsyth et al. 1977).
In the Bathgate area (West Lothian) of West Kirkton and Petershill, the 
equivalent horizon to the THL is taken up by lava flows. In the area north of 
Bathgate the basalts occupy the thickness between the W ardlaw Limestone 
and the Index Limestone and to the south the lavas diminish, although they 
are still present at Blackburn (Geikie et  al. 1879).
T ow ards Denny and the Cam psie Hills in the northern  area of the 
Carboniferous outcrop of the MVS the exposure of the THL improves. In the 
River Carron the Hosies are represented by a few thin limestones amongst thick 
sandstones and shales. The Hosies have been quarried further north where 
they become thicker, at Northfield and Quarter (Howell and Geikie 1861). In 
the Cum bernauld and Kilsyth District the THL is exposed in the Corrie Burn, 
near Queenzieburn, where it is overlain by the Posidonia Member (Howell and 
Geikie 1861). Further to the west near Milton of Campsie the THL is exposed 
with the Posidonia Member in the easterly branch of the Spouthead Burn, and 
also in the Bumiebrae Burn (Howell and Geikie 1861).
In the Renfrew District the THL is poorly exposed but has been worked at 
Lochermill near Bridge of Weir. The shales above the THL are poorly exposed 
at Locherm ill (C arru thers and Richey 1915, M acnair 1915) b u t show
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similarities in the faunal content to the shales further east. The Hosie 'D' is 
thought to represent the THL in Ayrshire due to the presence of P. corrugat a  
shales below the limestone (Richey et al. 1930, Clough et al. 1925, Wilson 
1979).The exposures in the Pitcon Bum and the Hindog Glen do not contain the 
Posidonia Member but do contain crustaceans from the Shrimp Member. The 
THL is well exposed in the Dusk Water near Beith (Richey et al. 1930).
In Arran the Hosies are exposed in the Laggan section to the north of the island 
where the total thickness of the Lower Limestone Group is considerably thicker 
than in the southern exposures at Corrie and near Brodick Castle (Gunn et al. 
1903). The strata between the Corrie Limestone (=Hurlet Limestone) and the 
Index Limestone consists mainly of thick sandstones and flags with the 
occasional shale (Gunn et al. 1903).
In central Ayrshire the THL is represented by an iron cementstone overlain by a 
hard sandy shale, the McDonald Coal and the Johnstone Shell Bed within a 
thickness of 1.76m in the W yndy Burn near Nethershield (Eyles et al. 1949). 
To the SE of the Kerse Loch Fault the sediments of the Lower Limestone Group 
become considerably thicker and there are more and thicker limestones and 
coals (Richey 1937; Eyles et al. 1949; Goodlet 1957). In the Patna and 
Dalmellington area the exposures are not very useful, however, bores indicate 
that the Patna Limestone is overlain by the Doon Limestone which is 
considered to be the equivalent of the upper Hosie (Eyles et al. 1949). Further 
south at Dailly, the THL is well exposed but the Posidonia Member is not found 
here. Several bores north (Raithill, Whitehill, Southcraig and Mossbog) and 
south (Houldsworth and Glaisnock) of the Kerse Water Fault as well as some 
natural exposures at Sorn (north), and Muirkirk, New Cumnock, Waterside and 
Dailly (south) show the thickening of the sediments of the LLG is of the order 
of three to four times (Eyles et al. 1949).
In the M uirkirk District the THL is represented by the McDonald Limestone 
which can be over 10m thick (Geikie et al. 1873). An unusually thick Hosie 'D' 
is exposed in the streams beween Galston and Kilmarnock (Richey et al. 1930). 
The Douglas W ater of the Clydfdale District contains similar sections of the
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McDonald Limestone despite a rapid attenuation from the west to east (Geikie 
et al. 1871). The Moss Burn, Penbreck, W ildshaw and W hitecleugh outliers 
have a well developed Lower Li mestone Group with the McDonald Limestone 
sim ilar to that of Muirkirk (Geikie et al. 1871).
The Hosie 'D' is exposed at Lugton and Meikle Cutstraw near Stewarton but 
nothing is known of the overlying beds (Richey et a l  1930). Further to the east 
at East Kilbride the C alderw ood Cem entstone represents the upperm ost 
limestone of the Lower Limestone Group and is exposed at a number of localities 
(M acnair 1917). P. c o r r u g a t a  is present above and below the Calderwood 
Cem entstone allowing a correlation with the THL to be made (Macnair and 
Conacher 1914). To the NE, at Carluke, the THL has been recognised from bore 
holes. The calmy limestone from this area, exposed in Jock's Burn and Fiddler's 
Gill, occurs above the 1st Kingshaw Limestone and probably represents the THL 
(Geikie et  al. 1879).
2,2.4 The distribution of the Shrimp Member of the Manse Burn Formation.
The bulk of the project is based on the fauna preserved within the Shrimp 
Member. It is, therefore, necessary to discuss the distribution of this member to 
provide a more complete picture of the sedimentological constraints on the 
environm ental and ecological conditions affecting the fauna. During the period 
of this study, several previously unrecorded localities for the Shrimp Member 
were discovered in the Burnie Brae Burn, the Corrie Burn, Hindog Glen, the 
Powgree Burn, and Swinlees Glen. Lochermill was only known from museum 
collections, and many of the localities around East Kilbride are from bore hole 
data from the British Geological Survey. The old quarry exposures at East 
Kilbride which provided crustaceans in the past are now all filled in. Bearsden 
and the Red Cleugh Bum were the only two localities still exposed which had 
been previously recorded as having a crustacean fauna (Schram 1979, Wood 
1982).
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Figure 2.4 Locality map for the Shrimp Member of the Manse Burn formation.
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The most easily recognised member of the Manse Bum Formation is that of the 
Posidonia M ember due to the great abundance of the bivalve P o s i d o n i a  
c o r ru g a ta  in a characteristically dark fissile shale. Wilson (1966, pl26) noted 
that P. corruga ta  ranged from the Bollandian (PI) to the Arnsbergian (E2) and 
occurred most abundantly in the shales above the THL. The distribution of 
shales con tain ing  abundan t P. cor ruga ta  in the Glasgow area has been 
discussed by Macnair and Conacher (1914) and Macnair (1917). At many of these 
localities it is possible to find the Shrimp Member or at least evidence that the 
Shrim p Member was exposed in the past (Carruthers and Richey 1915). The 
first record of crustaceans from the shales above the THL was that of Patton 
and  C o u tts  (1885, p327) who recorded P a l a e m y s i s , P a l a e o c r a n g o n  
( = C r a n g o p s i s ), P a l a e o s q u i l l a  p a t t o n i  (= T y r a n n o p h o n t e s  p a t t o n i ) ,  and 
A n t h r a p a l a e m o n  c o u t t s i i  (=Teal l i oc ari s  r o b u s t a )  from East Kilbride, and 
N eilson (1895, p71) also recorded the existence of A n t h r a p a l a e m o n  and 
D i t h y r o c a r i s .  At East Kilbride P. corrugata  was found to be present above and 
below the THL, and the crustaceans are identical in preservation to those 
collected from the Shrimp Member elsewhere. Most of the crustaceans from this 
area were later described in detail by Peach (1908). A lthough the East 
Kilbride localities are now lost, several bores by the British Geological Survey 
in this area have provided specimens of Crangopsi s  from the Shrimp Member 
at various levels above the THL (see Table 3.2).
The Shrimp Member and the Posidonia Member are exposed in the Corrie Bum 
(NS68707876), near Queenzieburn, in the easterly branch of the Spouthead Bum 
(the Red Cleugh Burn, NS65567846), and the Burniebrae Burn (NS66037818), 
near Kilsyth, w here the presence of P. c o r r u g a t a  above the THL was 
recognised bv Howell and Geikie (1861). The crustaceans, and other elements of 
the fauna, are most abundant at these localities.
At Lochermill near Bridge of Weir (NS24106472), the shales above the THL 
are poorly exposed but contain the same faunal elements and preservation as 
the Shrim p Member. The Swinlees Glen (NS29415342), the Hindog Glen 
(NS27905115), and the Powgree Burn (NS33635219), near Dairy have the 
Shrimp M ember exposed above the THL but with much fewer crustaceans. The
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Posidonia Member at these localities does not appear to contain P o s i d o n i a  
c o r r u g a t a ,  but does contain abundant bivalves (~?C. tenodontu) . The overlving 
member appears similar in character to both the Nodular Shale Member and 
the Betwixt M ember and the Platey Shale Member was not observed. The 
diversity and distribution of the crustaceans is discussed further in Chapter 6.
Figure 2.5 Correlation of the Manse Burn Formation based on localities at 
which the Shrimp Member was present.
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2.3 Correlation w ith Ireland.
The Carboniferous basin of NW Ireland is bounded by the Moiman
and Dalradian metamorphics of Donegal to the north and the Longford-Down 
Ordovician to Silurian massif to the south. The basin consists of a num ber of 
NE-SW trending synclines separated by anticlines of Precambrian to Lower
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Devonian rocks (Higgs 1984). Based on biostratigraphical data, the boundary 
between the Brigantian and the Pendleian of this area has been placed between 
the C arraun Shale Formation and the Dergvone Shale Formation (Brandon and 
H odson 1984; Higgs 1984). The Carraun Shale Formation is represented by 
basinal or prodelta to turbidite or delta front deposits near the top which 
extends into the lower Dergvone Shale Formation. The Camderry Member of 
the Carraun Shale Formation commonly contains P. corrugata  and the base of 
the G ubaveeny Shale Member contains abundant bivalves and goniatites as 
well as phosphatic nodules. P. c o r ru ga ta  and P s e u d a m u s i u m  p r a e t e n u i s  are 
common in the E u m o r p h o c e r a s  m e d u s a  beds of the Gubaveeny Shale Member 
(B randon and H odson 1984). The Dergvone Shale Form ation is at the 
equivalent stratigraphical position as the Manse Burn Formation and appears 
to represent an environment more exposed to open marine conditions.
Further to the east into northern Ireland near Ballycastle, the trend of the 
syncline of Carboniferous rocks is ENE-WSW (Bishopp et al. 1948). This Main 
Limestone of this basin has been correlated with the Hurlet Limestone of the 
MVS and the McGildowney's Marine Band with the Index Limestone (Wilson 
and Robbie 1966). The Main Limestone and the Main Coal represent the upper 
beds of the Brigantian and the intervening lithologies are mainly micaceous 
and calcareous sandstones with some fossiliferous shales and coals. L i n g u l a  
occurs in the more marine beds (Wilson and Robbie 1966). The sediments of the 
Ballycastle area have been correlated with the Carboniferous lithologies of 
M achrihanish (Macallien and Anderson 1930; Wilson and Robbie 1966). The 
rocks of M achrihanish represent more terrestrial conditions with only a few 
fossiliferous limestones. Macallien and Anderson (1930) suggested the existence 
a H ighland Border Ridge which separated the sedim entary basins of the 
M achrihanish-Ballycastle from the MVS. This would result in the restricted 
m arine conditions in the northwestern MVS, which is supported by the paucity 
of genera represented in the Manse Bum Formation.
The Carboniferous to the south between Loughshinny and Naul, near Dublin, 
has Brigantian (P2) overlain directly by Namurian (E2) (Bishopp et al. 1948). 
This does not mean that deposition did not occur but may rather indicate a
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period of erosion which removed the sediments of the basal Pendleian during 
the later Pendleian, or early Arnsbergian.
Direct lithostratigraphic correlation of Scotland and Ireland has been made 
betw een M achrihanish and Ballycastle, the sedim ents further west may 
represent more distal deposits of a large interconnected series of smaller 
sedim entary basins extending as far as Fife. The western Irish section may 
rep resen t the source d irection  from w hich the in term ittan t m arine 
transgressions occurred, which can be observed in the western MVS.
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Chapter 3 
Sedimentology
The M idland Valley of Scotland was situated near the equator in what was 
probably a hot, hum id climate during the deposition of the sediments of the 
Lower Limestone Group and Limestone Coal Group (Read 1988). Some of the 
sedim ent was derived from the south, and from the islands within the vallev 
(M ykura et al. 1967), but most of the sediment came from the north to northeast 
(Read 1965; Read and Dean 1967, 1976, 1982). There was an opening to the 
m arine waters to the west, and possibly to the east as well, from Brigantian 
times into the N am urian (Goodlet 1957; Mykura et al. 1967).
The lithostratigraphy of the Carboniferous of the M idland Valley of Scotland 
is based on its laterally extensive limestones, coals and sandstones. The extent 
of these litho logies d epended  greatly  on the geom orphology of the 
C arboniferous landscape at the time of deposition, whereas the rates of 
deposition and sedim ent types depended on the tectonic environment and the 
aqueous environment. The chemistry of the sediments is governed by the source 
rocks, the diagenetic pore fluids, the environmental conditions, and biogenic 
activity. In this chapter the palaeogeography, chemistry, and petrography of 
the shales of the Manse Burn Formation are discussed, together with the tectonic 
controls on sedimentation, to provide a model of the depositional environment.
3.1 G eological setting for sedim entation in the M idland Valley of Scotland 
during the Lower Carboniferous.
3.1 1 Palaeogeography.
There are three recognised continents existing during the Namurian, Laurasia, 
G ondw ana, and  eastern  Eurasia (Smith et alr 1981). Their d istribution is 
established m ainly on palaeom agnetic and sedimentological evidence for 
latitude and palaeontological evidence for longitude (Smith e t a l , ! 9 7 3 ,  1981). 
Eurasia west of the Urals, Iberia, Greenland, and North America constitute the
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Figure 3.1 Palaeogeographical m ap showing the continental distribution and 
possible surface currents during the Namurian (based on Smith et al. 1981 and 
Dewey 1985). L=Laurasia; G=Gondwana (land masses are stippled).
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Laurasian continent which extended from about 20° south to 30° north of the 
palaeoequator (Dewey 1985, Van der Zwan et al 1985). Although there are a 
few inconsistencies in the palaeomagnetic evidence, such as data obtained for 
N ew foundland which suggests that it was 20° south of the palaeoequator 
(Irving and Strong 1984), the overall picture is that the southern margin of 
Laurasia straddled the equator during the Carboniferous (Smith ef a/ 1973, 
1981, Dewey 1985, Van der Zwan et al 1985) (Fig. 3.1). The Midland Valley of 
Scotland is on the southeastern edge of this continent within a few degrees of 
the palaeoequator and derives the majority of its sediment from that continent 
(Goodlet 1957; George 1958; Francis et al. 1970, Read 1988).
The islands which are thought to occur along the southeastern m argin of 
Laurasia are drawn on the reconstruction which is based on a combination of the 
reconstructions by Smith et al, ( 198 1)  and Dewey (1985). The positioning of 
G ondw ana and eastern Eurasia is arbitrary as they do not appear to affect the 
sedim entation in the M idland Valley of Scotland, although a dextral strike 
slip movement is thought to occur between them suggesting that they were quite 
close (Badhham  1982, Dewey 1985). Their relative position, during  the 
Devonian and Carboniferous, would have affected the marine surface currents, 
which in turn affected the crustacean biogeography.
The earliest benthic eum alacostracan P a l a e o p a l a e m o n ,  which is not found 
beyond the Devonian rocks of eastern N orth America, may have had a 
restricted eastw ard dispersal due to northerly current directions along the 
western coastline of the Laurasian continent (Schram et al. 1978, Dewey 1985, 
Hannibal and Feldmann 1985). Other eumalacostracans which are common to 
the Visean and older rocks of Pennsylvania (Schram 1988) and southern 
Scotland (Schram 1979) indicate widespread dispersal at an early stage in the 
evolutionary  developm ent of these crustaceans (Schram 1977). The poor 
preservation potential of the malacostracan crustaceans is a major controlling 
factor in the distribution of localities, which tend to occur within =10 of the 
palaeoequator (Dewey 1985, Hannibal and Feldmann 1985), the reason being 
that the equatorial region developed the early diagenetic conditions necessary 
for the preservation of the crustaceans, by phosphatisation or concretion
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generation (see Chapter 4). The resulting inadequacy of the fossil record, with 
respect to the crustaceans, prevents the recognition of a centre of dispersal. 
Despite the difficulty in identifying this centre of dispersal, it is thought that 
the initial dispersal came from the east, due to the presence of abundant earlv 
Carboniferous crustacean faunas in Scotland and from the hypothetical 
westerly flow directions of the equatorial surface ocean currents at that time 
(Abele 1982, Dewey 1985).
The later crustacean faunas of the Namurian are found from the Midland 
Valley of Scotland of eastern Laurasia to the Bear Gulch deposits of central 
M ontana, USA in western Laurasia. The fauna found in the Midland Valley of 
Scotland, at this time, is similar to that found in Montana, although there are 
more genera represented in the latter (Factor and Feldmann 1985, Schram 1979, 
1981a, Schram and Horner 1978). It is possible that the crustaceans dispersed 
around the southern-most tip of Laurasia from east to west quite rapidly by the 
tran sp o rt of p lanktonic larval stages in the w esterly  surface w ater 
currents(Dewey 1985). As some of the genera which co-occur at these localities 
have b en th ic  m orpho log ies, T e a l l i o c a r i s  ( = P s e u d o t e a l l i o c a r i s ), and 
palaeostom atopods, their rapid dispersal during the Lower Carboniferous is 
best explained by accepting the existence of a planktonic larval stage, 
although the fossil evidence may also be an artifact of their poor preservation 
po ten tia l.
The best known of the Lower Carboniferous crustacean localities of the south­
eastern coast of Laurasia are those of the N orthum berland Trough and the 
M idland Valley of Scotland (Schram 1979). These localities were positioned 
on, or very close to, the palaeoequator, and contain diverse crustacean faunas 
depending  on the prevailing environmental conditions, controlled by such 
factors as salinity (see Chapters 4 and 6). This area, now represented by the 
British Isles, Ireland, and northwest Europe, was mostly submerged within a 
shallow, shelf sea embayment bounded by the Launx$>ian continent to the 
north, east, and southwest (Stainer 1916, Dewey 1985). Within this embayment 
were several major islands which restricted the flow of ocean currents allowing 
the m ore restricted and opportunistic faunas to develop. The power of the
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surface curren ts affecting the M idland Valley of Scotland, w here the 
N am urian Manse Burn Formation fauna is developed, is restricted in the south 
by the Southern Uplands Massif, by smaller islands within the bounds of the 
M idland Valley, and by the geography of Scandinavia, from the effect of open 
ocean currents from the Uralian Ocean (Goodlet 1957, Dewey 1985) (Fig. 3.2).
Figure 3.2 Palaeogeographical map of the British Isles during the N am urian 
(based on Dewey 1985), m=Midland Valley Basins; p=Pennine Basins; i=Irish 
Shelf; l=Laurasia; 2=W ales/Brabant Massif; 3=Central Germany.
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3.1.2 S tructural controls on sedim entation within the M idland Valley of 
Scotland.
Sedim ent thickness in the Midland Valley of Scotland is governed by both 
isostatic and fault related subsidence which creates both widespread and local 
areas of greater sediment thickness (Goodlet 1957; George 1958; Francis et al. 
1970). In the eastern MVS there is a general increase in the sediment thickness 
into Fife. In the central MVS, the Kincardine Basin and the Glasgow Basin are 
also m arked by greater thicknesses of clastic sedim ents. The different 
thicknesses of sediments within the MVS are controlled by the syndepositional 
faulting resulting in local areas of positive and negative relief (McLean and 
Deegan 1978; Simpson and MacGregor 1932; Eyles et al. 1949; Goodlet 1957) 
(Fig. 3.3).
In the w estern  MVS, in the Ayrshire shelf area, it appears that the 
sedim entation is controlled by subsidence along major syndepositional NE-SW 
trending faults during Lower Limestone Group times (McLean and Deegan 1978). 
These faults resulted in an increase of up to three times the thickness of the 
Lower Limestone Group sediments, across the Kerse Loch Fault towards the 
south. It was thought that this increased thickness continued as far as the 
Southern U plands Fault (Simpson and MacGregor 1932; Eyles et al. 1949; 
Goodlet 1957). The other NE-SW trending faults, the Dusk Water Fault and 
the Inchgotrick Fault, are also thought to have affected sedimentation at this 
time, north and south of which, respectively, the thickness of sediments is 
m uch increased (Richey 1937). An area of relatively positive relief is, 
therefore, developed between these two faults. The Dusk Water Fault appears 
to have also been an important feature during the eruption of the Clyde Plateau 
Lavas (Alomari 1980), and seems to have produced a barrier to sedimentation 
during the deposition of the shales of the Manse Bum Formation, thick shales 
to the north  and absent to the south. The sedim ents of the Manse Burn 
Formation are confined to the area north of the barrier produced between the 
Dusk W ater Fault and the Inchgotrick Fault.
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Figure 3.3 M ap showing the geological structure of the M idland Valley of 
Scotland. AB=Ayrshire Basin; A F=A rdross Fault; Bathgate Volcanics; 
CA F=Cam psie Fault; CEF=Ceres Fault; CF=Carmichael Fault; DV=Dalry 
Volcanics; DW F=DuskW ater Fault; EB=M idlothian Basin; GB=Glasgow 
Basin; HBF=Highland Boundary Fault; IF=Inchgotrick Fault; KLF=Kerse Loch 
Fault; KF=Kilsyth Fault; KB=Kincardine Basin; OF=Ochil Fault; PR=Paisley 
Ruck; PF=Pentland Fault; SV=Saline Volcanics; SUF=Southern Uplands Fault; 
Syndepositional basins=open triangles; areas of little or no subsidence during 
the deposition of the Manse Bum Formation=closed triangles.
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Towards the north of the MVS, the Dalradian block is thought to have been 
uplifted against the Highland Boundary Fault during the Upper Old Red 
Sandstone and formed an erosional surface at that time. Most of the 
Carboniferous rocks, however, appear to cross the Highland Boundary Fault 
w ith little regard to its presence, probably as a result of peneplanation (Bluck 
1984).
The Campsie fault, which bounds the Manse Burn Formation to the north, is 
thought to have been more important than the Highland Boundary Fault in the 
controlling of sedim ent thickness in the Glasgow area. The Kincardine basin 
m arks the eastern most development of the Shrimp Member of the Manse Bum 
Formation, probably as a result of an increase in fluvial conditions and clastic 
sedim entation ptocn the. floH K .
Towards the east, the area of maximum thickness in east Fife appears to be 
bound by the Ardross and Ceres faults in the Lathallan-Rademie zone (Forsyth 
et  al. 1977). East Fife lay in an area of complex and variable subsidence 
allow ing large am ounts of elastics to be deposited (Forsyth et al. 1977). The 
sedim ents of the Manse Burn Formation are not developed in this area, 
although the Top Hosie Limestone is thought to be represented. The extent to 
which the Top Hosie Limestone occurs across the MVS suggests that it was the 
result of a w idespread transgression, rather than being controlled by the 
syndepositional faulting within the MVS.
The process which resulted in the formation and distribution of basins and 
highs in the MVS has been much disputed. An understanding of the mechanisms 
is fundam ental to any interpretation of the fault distribution and controls on 
sedimentation. The complex and variable subsidence within the MVS has been 
interpreted by three im portant models of the possible regional stress regime 
(Read 1988). The first of these is an E-W tension and the second a N-S tension 
b o th  resu lting  in pure shear. The third is caused by early Devonian 
lithospheric stretching and crustal rifting followed by thermal subsidence with 
right-lateral strike slip (Dewey 1982). Stedman (1988) suggested that the 
almost N-S orientation of the areas of high and low subsidence in the northeast
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of the M idland Valley of Scotland may be due to an E-W tensional regime 
associated w ith the onset of North Atlantic rifting. In the southwest, however, 
the depositional areas trend NE-SW which may be due to a heterogeneous 
basem ent (Bluck 1984) and reactivation of pre-existing structural trends 
(Stedman 1988) rather than being directly related to the stress regime present 
during the Lower Carboniferous. Stedman (1988) suggests a sinistral movement 
to explain the possible EW tensional regime.
A series of N-S trending Silesian folds, curving towards the NE in the north of 
the M idland Valley of Scotland and to the SW in the south, would suggest that 
dextral fault m ovem ent on the Highland Boundary Fault and the Southern 
U pland Fault is the more likely explanation. The other major structures in the 
M idland Valley of Scotland, of which the majority are faults, include a set of 
NE-SW trend ing  faults relating to a reactivation of Caledonoid basement 
fractures, a set of E-W and ENE-WSW trending growth faults, and a set of 
NW-SE and WNW-ESE trending faults (Read 1988). The shapes of the N-S 
trending basins are more synclinal than graben-like and do not occur extensively 
across the M idland Valley of Scotland to the south and west. Dextral strike 
slip system s have already been recognised from the late Devonian and 
Carboniferous of the Appalachians and the European Variscides (Read 1988) 
and the structures of the M idland Valley of Scotland seem to fit into the same 
framework. Read (1988) concluded that the structure of the Midland Valley of 
Scotland was, more likely to be the result of a combination of dextral strike slip 
m ovem ent superim posed on a dominant thermal subsidence, after a period of 
lithospheric attenuation and crustal rifting along Caledonoid lines. None of 
the sedimentological findings contradict this model.
The presence of a dextral strike slip regime during the Dinantian is compatible 
with the evidence, such as the NNE-SSW orientation of the sandstone dykes 
and the SW direction of overfolds, provided by Cater (1987) from the Granton 
'Shrim p-B ed'. The th ird  m odel of dextral strike slip faulting, which is 
thought to have occurred in North America at the same time, was accepted as 
the most likely model by Read (1988).
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3.1.3 Palaeo-geomorphology of the Midland Valley of Scotland.
The Lower Limestone Group consists of alternating marine and lagoonal or 
terrestrial depositional environments. Geikie and Peach (1900) discussed two 
distinct types of sedimentation which they called the 'lagoon' or 'coal-measure 
type and the marine or limestone type'. The first type was characterized bv 
sandstones and shales with coal seams, fireclays and ironstones with a fossil 
content com prising of plant and abundant fish material. The fauna found in 
these rocks was thought to have lived in enclosed non-marine basins or lagoons 
of m arine water. The second type consists mainly of limestones accumulated in 
open sea conditions w ith a distinctive fauna of corals, crinoids, bryozoa, 
brachiopods and other marine animals. These limestones are usually associated 
w ith calcareous shales containing a similar marine fauna. The crustacean- 
bearing shales of the Shrimp Member lack the non-marine character of the first 
type, and  lack also the norm al marine indicators of the second type of 
sedim entation. This suggests that the fauna is representative of a restricted 
environm ent which occurs between the more open marine conditions of the Top 
Hosie Limestone, and the freshwater conditions at the top of the Manse Burn 
Formation.
Isopachs of the thickness of sediment in the Limestone Coal Group, proposed by 
Read (1988), suggest a northern source area for the sandy prograding deltaic 
sedim entation in the M idland Valley of Scotland, whereas Stedman (1988) 
argued  that due to the lack of evidence for deltaic sedimentation, it was 
preferable to regard  the dom inant deposition in the M idland Valley of 
Scotland as being that represented by a coastal alluvial plain.
W ithin this coastal alluvial plain, several barriers to sedimentation in the 
w estern M idland Valley of Scotland can been recognised. The Pentland Hills 
Devonian lavas, and the volcanic activity which was concentrated along the 
Bo'ness Line, may have acted as partial north-south barriers to sedimentation 
and faunal m igrations between the east and west Midland Valley of Scotland 
(Read 1988). This barrier would have prevented much of the coarser sediments 
from being transported westwards from the Fife area. Sediment derived from a 
source to the north of the Kincardine Basin would have entered the western
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MVS, increasing the amount of clastic sedimentation in the Kincardine Basin 
and the Glasgow Basin.
Goodlet (1957) proposed several areas of non-deposition within the Lower 
Lim estone G roup of the M idland Valley of Scotland which may have 
represented islands; an area east of Ayrshire, one in south-west Ayrshire, and 
another in the Southern Uplands. Richey et  al. (1930) suggested that prior to 
the period of deposition of the Hurlet Limestone that there was a barrier 
between north Ayrshire and the Glasgow Basin, which was later breached to 
allow a connection to be made between the two areas. Although the barrier was 
reduced during the Hurlet transgression, and the Top Hosie transgression, local 
subsidence, north of the Dusk Water Fault and south of the Campsie Fault and 
Paisley Ruck, prevented the barrier from reforming during the deposition of the 
Manse Bum Formation. The barrier which developed between the Dusk Water 
and Inchgotrick faults probably extended westwards, at least as far as Arran, 
preventing marine water access from the west. The reduction in the thickness of 
sedim ents at the horizon of the Manse Burn Formation towards the south on 
Arran and on the south side of the Dusk Water Fault, supports the presence of 
this barrier between northern and southern Ayrshire at this time (see Section 
3.1.2).
George (1958) suggested that the area of non-deposition in the south-west part 
of Ayrshire was probably due to post-Dinantian overstep rather than non­
deposition. The direction from which marine waters entered the western MVS, 
during the lower Nam urian, is likely to have been from the south west across 
the southern Ayrshire Basin.
Further evidence for the Dusk Water-Inchgotrick fault block barrier can also be 
seen in the d istribution of the relative abundance of different crustaceans. 
C r a n g o p s i s ,  the brackish w ater crustacean is m ore abundant in N orth 
A yrshire, relative to the other crustaceans, w ith P a l a e m y s i s ,  a marine 
representative, becoming more abundant towards the east (see C hapter 6). 
T e a l l i o c a r i s ,  a hypersaline crustacean, T y r a n n o p h o n t e s  and C y c l u s ,  both 
m arine crustaceans, have only been found from localities in the eastern part
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between Bridge of Weir and Kilsyth (see Chapter 6). This suggests that the 
barrier was closed to any marine influence to the west, but more open to the east. 
The base of the Manse Burn Formation, the Shrimp Member, represents the 
start of a regression after the initial Top Hosie transgression. This marked the 
onset of the w idespread non-m arine deposition of the lower part of the 
Limestone Coal Group.
3.2 The nature of the Manse Burn Formation sediments across the Midland 
Valley of Scotland.
The Manse Burn Formation varies greatly in thickness and character across the 
M idland Valley of Scotland, but its position can be determ ined from the 
presence of the Top Hosie Limestone or equivalent across most of that area. The 
presence or absence of various m em bers of the form ation, is m ostly
indeterm inable due to the general paucity of fossils. The Shrimp Member is
more easily recognised due to the presence of abundant bivalve spat throughout 
this member. The Posidonia Member is also easily recognised due by the 
abundance of the bivalve, P o s i d o n i a  c o r r u g a t a .  The Shrimp M ember only 
occurs in the central area, and the western area north of the Dusk Water Fault, 
but the Posidonia M ember seems to extend further towards the east into Fife 
and to the west as far as Arran.
W orking from  east to west, the detailed characteristics of the horizon
equivalent to the Manse Burn Formation are as follows: in eastern Fife the Top
Hosie Limestone is overlain by a marine shale containing B e l l e ro p ho n  urei ,  
(- Shivaella okeni)
N u c u l a  g i b bo sa ,  L e p er d i t i a  o k e n i , Z a p h r e n t i s  sp.  from an exposure east of St 
M onans harbour (Geikie and Peach 1902) and a micaceous non-marine shale 
containing abundant plant material. At Balbougie in southern Fife there is an 
exposure of a ' B e l l e r o p h o n  limestone' (=Top Hosie Limestone) which occurs 
above the tuffs of Charlestown (Peach et  al. 1910). The Hosies to the west of 
C harlestow n are overlain by black shales (Geikie and Peach 1900) and the 
Upper Kinniny Limestone (=Top Hosie Limestone) occurs intermittently, but is 
represented by a marine shale wherever the limestone itself is absent (Forsyth
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et  al. 1977). The marine shale commonly overlies the limestone as at the St 
Monans exposure mentioned above. At Elie the Red Limestone (=Top Hosie 
Limestone) is overlain by a few tens of metres of shale (Cumming 1928). In 
boreholes, where the Upper Kinniny Limestone (=Top Hosie Limestone) has 
been recognised, the overlying sediments consist mainly of silts and silty shales 
(at Callange and Muircambus), although at Dunotter and in the Cowdenbeath 
area it is overlain by nearly 1.5m of shales (Forsyth and Chisholm 1968).
Table 3.1 Equivalent horizons to the Top Hosie Limestone within the MVS.
Top Hosie Limestone Equivalent 
' Be l l e r ophon'  LimestoneSouthern Fife
Eastern Fife 
Lothians 
Campsie Hills 
East Kilbride 
North Ayrshire 
Muirkirk
Upper Kinniny Limestone 
Red Limestone 
Bilston Burn Limestone 
' Be l l e r op h o n '  Limestone 
Calderwood Cementstone 
Hosie 'D' 
McDonald Limestone
The highest exposed limestone in the Skolie Burn, a tributary of the Briech 
W ater in the Lothian regions, which is thought to an equivalent to the Hosie 
Lim estones, is overlain by shales (Peach et al. 1910). The basalts in the 
Bathgate Hills of the Top Hosie Limestone horizon do not extend southwards 
for any great distance, disappearing before reaching the Almond River 3km to 
the south. This may be due to the subsurface igneous intrusion having an 
essen tia lly  circular shape (D avidson et  al. 1984). The lavas probably 
represented a topographic high during the deposition of the Hosie limestones, 
and for a short period after (Howell and Geikie 1861, Peach et al. 1910). A bore 
at Moss-side, near Durham toun, revealed a section which included the Top 
Hosie Limestone overlain by more than 4m of shales, the lower part of which 
was limey and fossiliferous (Peach et al. 1910). In the M idlothian basin the 
Bilston Burn Limestone (=Top Hosie Limestone) is overlain by a sandstone with 
occa sional shal y bands (Peach et al. 1910; Peach and Home 1910).
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The sediments of the Lower Limestone Group are thicker in the western side of 
the Kincardine Basin as well as on the downthrown side of the Campsie Fault 
in the Denny area (Francis et al. 1970), although the shales almost disappear 
in the River Carron near Dunipace north of the Campsie Fault. In the area 
south of the fault, the Top Hosie Limestone is overlain by a thick succession of 
shales of between 15m and 24m thickness. To the east the shales overlying the 
Top Hosie Limestone are thinner (9-15m thick) but are similar in character to 
the w estern part of the Kincardine Basin (Francis et  al. 1970). The increased 
sedim entation in the western side of the Kincardine Basin may be related to 
the eastw ard thinning of the underlying lavas. The eastward increase in the 
sand content of the sediments, seen in the Glasgow area, seems to continue into 
the Stirling district. Subsidence rarely allowed the depth of water to become 
shallow enough for the vegetation to colonize the area at this time (Francis et  
al. 1970).
Clough et  al. (1911) correlated the ' B e l l e r o p h o n '  Limestone of the Campsie 
Hills with the Main Hosie Limestone in the Glasgow area, and suggested that 
the Top Hosie Limestone was not represented in the northern area. This was 
later to be disproved due to the presence of abundant Posi don ia  c o r r u g a t a i of 
the Posidonia Member), and the 'Bel l erophon  Limestone' was later equated to 
the Top Hosie Limestone (Clough et al. 1925; Richey et al. 1930; Wilson 1979). 
The shales above the limestones were thought to have been marine deposits in 
front of a prograding delta of a large sluggish river bringing suspended organic 
debris and m ud seawards. The shales of the Shrimp Member are best exposed in 
this area.
At East Kilbride, several localities within the Calderwood Cementstone (=Top 
Hosie Limestone) which were quarried in the : provided a fauna of shrimps 
identical to that of Bearsden in content and preservation (Peach 1908, Macnair 
1917). This crustacean fauna has been known from East Kilbride since 1885 when 
Patton and Coutts first recorded its presence. All these localities were found to 
be infilled leaving no exposure. One possible crustacean fragment was found 
from a shale tip on the banks of the Calderwood W ater (NS66185505). There 
are, however, some borehole samples housed in the British Geological Survey
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in Edinburgh which contain crustaceans from a horizon above the Top Hosie 
Limestone. Abundant bivalve spat is found associated with the crustaceans in 
these shales.
Table 3.2 Bore-hole samples from East Kibride (held in the British Geological
Survey, Edinburgh).L ocalitv Bore Specimen No. depth to THL -  bU hauna
Parkhall St. 3 10E 5826 2.6m Bivalve spat
C r a n g o p s i s
10E 5827 2.5m C r a n g o p s i s
West Mains 4 ET 6832 2.61m Bivalve spat
C r a n g o p s i s
ET 6833 2.61m C r a n g o p s i s
ET 6834 2.46m C r a n g o p s i s
West Mains 5 ET 6880 ?1.83m C r a n g o p s i s
ET 6881 ?1.37m C r a n g o p s i s
West Mains 10 ET 7051 ?1.22m C r a n g o p s i s
ET 7052 ?0.89m C r a n g o p s i s
West Mains 11 ET 7094 2.13m C r a n g o p s i s
ET 7095 2.03m C r a n g o p s i s
G reenhills 4 2E1404 3.93m C r a n g o p s i s *
* Particularly w ell preserved C ra n g o ps i s
The Hosie 'D' Limestone (=Top Hosie Limestone) to the south near Dairy is 
overlain by a m arine shale and about 4 metres thickness of the Shrimp 
Member. The other members of the Manse Burn Formation are much reduced in 
thickness, or absent. The Shrimp Member is overlain by the Lingula Member at 
the locality in the Swinlees Glen. The members overlying the Shrimp Member 
are not exposed at any other locality in northern Ayrshire.
In central Ayrshire the Top Hosie Limestone is overlain by a hard sandy shale 
in the W yndy Burn near Nethershield (Eyles et al. 1949). In the M uirkirk 
District the THL is overlain by shales and ironstones (Geikie et al. 1873). 
N orth  of this, at Lesm ahagow, the M cDonald Limestone (=Top Hosie 
Limestone) is overlain by thin shales and thick channelled sandstones. In the 
Glenm uir Water at Nether Guelt the McDonald Limestone is also overlain by 
thin shales and channeled sandstones. The absence of the Manse Burn
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Formation suggests that this area was exposed at this time and represented a 
barrier to marine influence.
On Arran, the Hosie Limestones are exposed in the Laggan section to the north 
of the island. The top-m ost Hosie is overlain by dark micaceous shales, 
containing abundant plant remains, which are in sharp contact with the 
overlying sandstone (Gunn et al. 1903). The Hosie limestone which is exposed 
here contains abundant Pos idon ia  co r ru g a ta  and L i n g u l a ,  and may represent 
the Top Hosie Limestone. The strata between the Hurlet Limestone and the 
Index Limestone, further south at Corrie, consists mainly of thick sandstones 
and flags with the occasional shale (Gunn et al. 1903)
3.3 Petrography of the Manse Burn Formation with particular reference to the 
basal members.
The sedim ents were analysed using X-Ray Diffraction (XRD) techniques to 
determ ine the relative abundance of minerals between the members of the 
Manse Burn Formation (absolute abundances are not used, only the changes in 
relative peak area). It was found that the sediments of the Shrimp Member 
had consistent mineral compositions between localities (Fig. 3.4) and that the 
relative changes between the Shrimp Member and shales of the other members 
were distinctive (Fig. 3.5). The area beneath the (hkl=101) peak for quartz, the 
(hkl=001) peak for kaolinite, the (hkl=200) peak for pyrite, the (hkl=001) 
peak for muscovite, the (hkl=104) peak for calcite, and the (hkl=211) peak for 
phosphate were converted into percentage peak area and compared between 
the sediments of the different members. These minerals were the most abundant 
in the sediments and are easily recognised on the XRD traces (scs
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Figure 3.4 The %peak area of the mineral constituents of the Shrimp Member 
from  a varie ty  of localities (CB=Corrie Burn; BB=Burniebrae Burn; 
SH—Spouthead; MB=Manse Burn; BW=Bridge of Weir; PG=Powgree Burn).
Locality
□ Quartz
n Kaolinite
Pyrite
■ Muscovite
Cfia3'5)
The Posidonia Membey dontains a greater amount of pyrite and less quartz than 
the Shrimp Member and contains a greater abundance of benthic organisms. The 
existence of m ore m arine conditions, in the Posidonia Member, may have 
resulted in more sulphate reduction within the anoxic sediment to produce a 
greater concentration of pyrite. The decrease in the quartz indicates a fall in 
clastic input associated with the onset of more m arine conditions. More 
oxygenated conditions are indicated by the increase in the benthic fauna. 
N utrients from freshwater sources would have caused eutrophication in the low 
energy restric ted  environm ent of the Shrim p M ember preven ting  the 
colonisation of the substrate surface by benthic organism s, but a reduced 
freshw ater influence in the Posidonia M ember allows m ore oxygenated 
conditions at the sed im en t/w ater interface to persist and perm it benthic 
colonisation by P o s i d o n i a  cor r u g a t a ,  other bivalves, and gastropods. In the 
N odular Shale Member, the Platey Shale Member, the Betwixt Member, and
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the Lingula Member, the concentrations of pyrite and quartz varies more than 
the kaolinite and muscovite suggesting that the freshwater influences were 
interm ittant.
Figure 3.5 The relative %peak area of the mineral composition of the shales 
from the Manse Burn, Bearsden, using X-Ray Diffraction (BH=Top Hosie 
Limestone; SM /BA=Shrimp Member; BB=Posidonia Member; BC=Nodular 
Shale Member; BD=Platey Shale Member; BE=Lingula Member).
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The dark organic m uds of the Nodular Shale M em ber^ontain no pyrite and no 
fauna, and are thought to represent periods of rapid deposition, under 
freshwater conditions, of a distal overbank or crevasse-splay deposit. There is 
also increased clastic input shown by the increase in the concentration of quartz.
(P'ate4-v&)
Thin sections of the Shrimp Member shales/exhibit a mixture of continuous and 
discontinuous laminae of up to 120 per cm. The fauna does not seem to have been 
disturbed by currents to cause disarticulation or preferred orientation. This 
would indicate deposition in a low-energy anoxic bottom water environment. In
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the rare nodules, which sometimes occur around enterospirae, the true pre­
compaction thickness of the sediment is preserved (Shelton 1962). Bivalves are 
found with no dislocation of the valves and the cross-sections of burrows do not 
appear to have been affected by compaction. The true thickness of the laminae 
is on average 0.625mm suggesting a vertical compaction of 87%. Reducing 
conditions would have occurred during the periodic decay of abundant organic 
m atter m arked by the organic-rich laminae. The dark organic laminae may 
result from changes in the water chemistry (Muller e t al. 1972), periodic 
increases of organic detritus from rivers, or seasonal blooms of algae (Bonev 
1975).
3.4 Chemistry of the Manse Bum Formation.
Trace elements and rare earth elements held within the shales of the Manse 
Burn Formation could provide clues to the environment of deposition of the 
shales, the source of the shales, and the diagenetic history of the pore water 
chemistries (Krejci-Graf 1964; Dill 1986). The latter is discussed more fully in 
Chapter 4, and the environm ent and source of the sedim ents are discussed 
below.
The concentration of vanadium  was measured by wet chemical techniques (see 
appendix A ). Other trace and rare earth elements were analysed using X-Ray 
Fluore^jeruja. (XRF) techniques.
3.4.1 Trace elements, the degree of oxygenation of the sediments and marine 
water influence.
The relative degree of oxygenation and the environment of deposition of the 
shales can be determ ined  by the in te rp re ta tion  of several d ifferent 
concentrations, and ratios of concentrations, of different elements (Dill 1986). It 
may also be possible to deduce the source of the sedim ents from the trace 
elements.
The ratios of chromium to vanadium  (Cr/V), thorium to uranium  (Th/U), as
47
C
r/
V
well as the relative concentration of cobalt, zinc and nickel, provide an 
indication of the oxygen levels within the sediments. The higher the value of 
C r/V  the more oxygenated the conditions of deposition of the sediments. As 
would be expected the highest value of Cr/V  occurs in the Top Hosie Limestone, 
and the lowest value is that found for the black mud from the Nodular Shale 
Member (Fig. 3.6). The higher concentrations of chromium in the Shrimp 
Member and the Posidonia Member may be due to being trapped in flocculating 
colloidal materials common in nearshore environments where mixing of fresh 
and marine waters occurs (Dill 1986).
Figure 3.6 The C r/V  ratios for sediments from the Manse Burn. The lower the 
value, the more anoxic the environment of deposition was (THL=Top Hosie 
Limestone; SM=Shrimp Member; NSM=black m ud from the N odular Shale 
Member; PM=Posidonia Member).
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Similarly, a lower ratio of T h /U  is indicative of more anoxic conditions. 
Norm al shales typically have thorium  concentrations of about 12ppm with 
high T h /U  values. In black shales, however, there are variable thorium  
concentrations, but low T h/U  values are expected due to lower solubility of
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uranium  in anoxic waters (Rogers and Adams 1978a, b).
T able 3.3 Concentration of thorium  in the sedim ents of the Manse Burn 
Formation and a concentrations for sediments quoted from Rogers and Adams 
(1978a, b).
Sediment [Thlppm [Ulppm ITW fU]
shales 10.2-13.1 2-4.1 2.7-7
black shales - 3-1244 low
limestones 0.05-2.4 0.35-2.34 0.7-1.1
phosphate rocks 1-5 50-300 <0.1
ocean muds 1-2 0.2-0.7 3-4.5
SM 13 11 1.18
THL 8 3 2.67
PM 8 18 0.44
NSM 4 11 0.36
SM/nod 1 2 27 0.07
The values for the Shrimp Member (SM) and the Top Hosie Limestone (THL) 
suggest a m ore oxidizing environment. The other values suggest reducing 
conditions and the precipitation of uranium  causing low T h/U  values for the 
Posidonia Member (PM) and the black m ud of the N odular Shale Member 
(NSM). The low T h /U  value in the phosphatic nodule from the Shrimp 
Member (SM /nod 1,2) may be due to enrichment relating to the precipitation of 
phosphates.
49
Figure 3.7 The relative T h/U  values for the sediments from the Manse Burn, 
Bearsden. Low values are expected in the more anoxic sediments^Mcmbers as 
for Fig. 3.6).
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Organic com pounds are the main carrier phases of cobalt, zinc, and nickel 
(Johnston et al. 1988) and can also give an indication of the prevalent oxygen 
conditions of the sediments. Although zinc does not show any particular trend 
for facies determ ination, it can be more concentrated, along with copper, in 
certain animals (W indom et al. 1973, Nozaki and Miyahara 1974, Wedepohl 
1978a, b). Copper is not affected by the oxygen-deficiency of the water column 
(Johnston e t al. 1988). Copper and zinc concentrations can be influenced by 
secondary pore waters and do not provide reliable results except where they 
have been fixed by early diagenesis, such as in the Top Hosie Limestone and 
the nodules from the Shrimp Member. This is due to the copper and zinc 
occupying exchangeable sites w ithin the expandable clay content of the 
sedim ents and are found to be affected by the dialysis in a 1 molar NaCl 
solution, of a powdered nodule (SM /nod l=original nodule; SM /nod 2=after 
dialysis for 48 hours). Nickel, however, does not appear to be affected to any 
great extent.
(N
Members
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Figure 3.8 Concentrations of copper and zinc in the sediments from the Manse 
Burn, Bearsden^ Members as for Fig. 3.6).
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The typical values for cobalt concentration in m arine shales is 10-160ppm 
(Turekian 1978a). The cobalt concentration does not vary much for the THL 
(31ppm), the SM (26ppm) and the PM (44ppm), but is much lower in the black 
m ud of the NSM (3ppm) suggesting anoxic water conditions for this sediment as 
cobalt tends to be released under reducing conditions.
Figure 3.9 Change in concentration of cobalt between sediments from the Manse 
Burn, Bearsden. The lower the value the more anoxic the sedim ent (same 
Members as Fig. 3.6).
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Plants, free living nitrogen fixing bacteria, and blue-green algae require traces 
of cobalt, copper and zinc for various biochemical reactions (Ray 1972) and may 
have increased concentration in the sediment, although, cobalt would be 
released again on decomposition of this organic matter in anoxic environments.
Table 3.4 The relative concentration of Cu, Zn, and Ni after dialysis of a 
phosphatic nodule.
Sediment [Culppm [Znlppm [Nilppm
SM/nod 1 18 184 27
SM /nod 2 78 239 33
Nickel is lower in fresh water clays (=25ppm) than in marine clays (=70ppm) 
and can be as high as 310ppm in deep sea clays (Turekian 1978b). The nickel 
concentrations in the sediments from the Manse Bum Formation indicate marine 
concentrations (THL=49ppm; SM=65ppm; PM=107ppm) except for the biack mud 
from the NSM which has a very low concentration (NSM=14ppm). Cobalt and 
nickel concentrations are low in the black m ud of the NSM due to the absence of 
pyrite which indicates a non-marine origin for this sediment. The lower values 
in the phosphatised  nodule may be the result of ^he early phosphate 
p recip ita tion  not allow ing the developm ent of pyrite, although, the 
phosphatisation may have occurred during a period of greater freshwater 
influence.
Figure 3.10 Relative concentrations of nickel in the sediments from the Manse
non-
Burn, Bearsden. The lower values suggest more^marine conditions of deposition 
Members as for Fig. 3.6).
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The concentration of rubidium in sea water is higher than that of river waters 
and, consequently, produces a higher concentration in marine shales than non­
marine shales (Heier and Billings 1978). This does not appear to be reflected in 
the rubidium  concentrations in the Bearsden sediments perhaps due to the effect 
of later pore waters. The original concentration of rubidium  in the SM was low 
(SM /nod 1), but was later readjusted by later pore-waters to produce the present 
higher values (SM). The possible exchange of ions by pore waters is indicated 
by the changes in rubidium  concentration in the early diagenetic nodule 
(SM /nod 1, 2) during  dialysis, and also by the difference betw een the 
concentration in the surrounding shale (SM) and the nodule (SM /nod 1).
Figure 3.11 The concentration of rubidium in the sediments from the Manse Bum, 
Bearsden (Members are as for Fig. 3.6).
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The concentration of strontium  in shales may give an indication of the major 
water source influence (i.e. marine or fresh). Marine waters tend to have a 
higher concentration of strontium than fresh water which may be reflected in 
the concentrations within the shales. Typical values for limestones (1460- 
9769ppm ) are h igher than m arine shales (=200ppm) (Gieskes 1978). 
Concentrations of strontium are greater in limestones and phosphorites due to 
substitution for calcium in the calcite or apatite structure.
The shales (SM and PM) are w ithin the norm al range of strontium
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concentrations for marine shales. The black m ud of the N odular Shale 
Formation (NSM) has a lower concentration perhaps reflecting a non-marine 
low-strontium source.
The limestone (THL) has a low value for a limestone, perhaps due to the high 
clay content, or a significant non-marine influence. The phosphatic nodule from 
the Shrimp Formation (SM /nodl, 2) has a strontium concentration within the 
normal range for phosphorites (200-1025ppm). The phosphate is thought to 
have precipitated from a phosphate rich pore fluid during an early diagenetic 
stage following the collapse of the enterospire contained w ithin it (see 
C hapter 4).
Figure 3.12 The concentration of strontium in the sediments of the Manse Burn, 
Bearsden. The arrows point to the amount of strontium enrichment due to the 
precipitation of phosphates in the same sediments (Members are as for Fig. 
3.6).
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Lead concentrations in sediments may also give an indication of the relative 
influence of m arine waters. C ontinental w aters tend to have higher 
concentrations of lead than sea w ater and kaolinite can adsorb high
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concentrations of lead (Wedepohl 1978c). Flocculation of clays may cause a 
higher concentration of lead in shales close to a continental source, than in fully 
marine shales. The concentration of lead within the sediments from Bearsden is 
reasonably constant, although, a higher concentration in the black m ud of the 
NSM possibly reflects a more continental influence.
Figure 3.13 Concentration of lead in the sedim ents from the Manse Burn, 
Bearsden (Members are as for Fig. 3.6).
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Table 3.5 Concentration of lead in the sediments of the Manse Burn Formation 
compared to figures quoted for other sediments (Wedepohl 1978c).
Sediment [Pblppm
marine shales 1-139
carbonate oozes 4-219
limestones 0.4-10
evaporites 41-490
SM 39
THL 33
PM 39
NSM 60
SM/nod 1 16
SM/nod 2 25
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The higher lead concentration of the shales from the SM and PM may be due to 
secondary pore fluid cation exchange with the expandable clay content. The 
original values of the sediment may have been lower as suggested by the 
sample of the phosphatised nodule (SM /nod 1). The dialysis of SM /nod 1 to 
produce SM /nod 2, shows that the clays can increase their lead content by 
cation exchange. The concentration of lead in NSM may also be higher due to 
cation exchange but, assuming that the sediments are affected by similar pore 
fluids, the original lead concentration would still have been higher.
Barium is often found in the form of fine particulate barite which can 
precipitate by biological activity and also from hydrotherm al activity near 
mid-ocean ridges (Bishop 1988). No known phytoplanktonic source is yet known 
for the biological precipitation of barite from solution although the benthic 
p ro to zo a n  X e n o p h y o p h o r a  is know n to precip ita te  barite  (Bishop 
1988).Barium can concentrate in decaying organic matter such as faecal debris 
where there is an increase in the sulphate concentration (Dehairs et al. 1980). 
Barite tends to be concentrated below equatorial zones of high productivity and 
also in microenvironments rich in decaying organic m atter (Bishop 1988). The 
concentrations are much lower in nearshore clays (18-62ppm) than in deep sea 
clays (=750-4000ppm) and can also be quite low in carbonate rocks (Puchelt 
1978)
Figure 3.14 The relative concentration of barium  in the sediments from the 
Manse Bum, Bearsden (Members as for Fig. 3.6).
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The barium may have entered the sediments by secondary pore waters derived 
from  the subsurface h y d ro th erm al w eathering  of the barium -rich  
Carboniferous lavas of the Campsie Hills (section 3.3.3). The barium  is non­
existent in the early diagenetic phosphatised nodule but is highly concentrated 
in the enterospirae which contain secondary pore water cements in the large 
pore spaces left by soft-tissue decay and cracks caused by forced fluid injection 
(see Chapter 4).
Table 3.6 Results of the trace element analysis with respect to environmental 
conditions within the Manse Burn Formation and the Top Hosie Limestone 
(ox=aerobic; an=anaerobic; m=marine; n.m.=non-marine; v.=very; l=low or 
p a r tia lly ) .
Cr/V T h/U Ga n i Rb Sr Ib
THL CX CK CK l.m. m m m
SM an l.ox ' .O X l.m. n.m. m m
SM/nod - an l.ox n.m. m ?m m
PM CK v.l.ox CK m m m m
NSM an an v.an n.m. n.m. n.m. n.m.
The THL and the PM were deposited in dominantly aerobic marine waters, the 
NSM was deposited in a freshwater anoxic setting, and the SM was deposited 
in an environment which was neither fully marine nor freshwater, and not fully 
anoxic.
3.4.2 Rare Earth Elements.
The rare earth elements (REE) are representative of the crustal rocks being 
eroded into the depositional areas. Yttrium has a similar chemistry to the 
lanthanides and is therefore included in the lanthanide group (Felsche and 
Herm ann 1978). The shales from the Manse Burn Formation are thought to be 
derived from the erosion of the large Laurasian continental area to the north. 
The REE, cerium and lanthanum, from the shales of the Manse Burn Formation 
(MBF) and the Top Hosie Limestone are com pared to the N orth American 
Shale Com posite (NA SO  to test this hypothesis. If the values of Ce/Ce* 
(Ce+La(NASC)/L a+ C e(NASC)) from the MBF are close to that for NASC, then
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it is likely that the shales were derived from the erosion of a large continental 
area.
The averaged Ce/Ce* anomaly for the Shrimp Member (SM, SM /nod), the 
Posidonia Member (PM) and a black m ud from the N odular Shale Member 
(NSM) is very close to unity.
Figure 3.15 The relative enrichm ent of cerium relative to NASC for some 
sediments, a nodule (SM /nod), and an enterospire (Cl) from the Manse Bum, 
Bearsden ( M e m b e r s as for Fig. 3.6).
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Apatites tend to concentrate the lanthanides (Y=300X; Ce>1000X; La>1000X) 
(Felsche and Hermann 1978), as can be seen from the higher concentrations in 
the phosphatised nodule (SM /nod 1, 2). This, however, should not affect the 
original Ce/Ce* ratio of the sedim ents, unless the phosphatisation  had 
resulted from a late pore-water cementation. As the phosphatisation is is an 
early event, the phosphatised nodule should record the original Ce/Ce* ratio.
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Table 3.7 The concentration of lanthanides in the Manse Bum Formation.
Rock tvpe [Y]ppm [Lalppm [Celppm
limestone 4-23 3-10 2-20
shales 16-66 28-79 49-152
SM 31 46 93
THL 44 33 93
PM 47 39 85
NSM 15 39 64
SM/nod 1 777 504 1090
SM/nod 2 870 552 1208
a 2726 523 2356
The concentrations of the lanthanides are high in the phosphatic samples 
(SM /nod 1, 2 and C l) as would be expected. However the value of C e/C e* for 
the early diagenetic phosphatic nodule (SM /nod 1 , 2) is equal to NASC, 
despite the high concentrations.
The accum ulation of high lan thanide concentrations in fish m aterial is 
unlikely to have been i n  v i v o  (Felsche and H erm ann 1978), although, the 
Ce/Ce* value may be representative of the water in which the fish lived. The 
enrichm ent in cerium of the enterospire (Cl) suggests that the fish lived in 
waters which were also enriched in cerium, such as would be found in the 
m arine surface waters (De Baar et  al. 1983), although, seawater is generally 
depleted in cerium (Gromet et al. 1984, Elderfield and Greaves 1982).
The rare earth elements indicate that the sedim ents were derived from the 
erosion a large continental source area as the Ce/Ce* ratio values are close to 
unity.
3.4.3 Source of the sediments.
The results of the trace element analyses suggests that the conditions present in 
the M idland Valley of Scotland at the time of the deposition of the shales 
above the Top Hosie Limestone could be that of an initial rift valley (Dill 
1986). The structural data, however, does not support this, although there is
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some evidence for crustal rifting in the Devonian (Read 1988). Erosion of the 
Devonian volcanic rocks related to a possible initial rifting in conjunction with 
erosion of Carboniferous volcanic rocks will have an influence on the trace 
elem ent com position of the shales. The trace elem ent abundances in the 
phosphatic nodule from the Shrimp Member shows a similar pattern to that of 
the nearby Lower Carboniferous vents (MacDonald and Whyte 1981) except for 
the barium  concentration, and the elem ents norm ally concentrated in 
phosphates minerals. The barium  concentration represents a secondary pore 
water concentration derived from the lavas after the phosphatisation event. A 
small p roportion of the elem ents (Cu, Zn, Pb, Sr) are contained w ithin 
expandable clays where they can readily exchange with surrounding waters, 
and therefore, cannot be used reliably in any determination of source Cs e e
The trace element profile of the compacted shale from the Shrimp Member 
(SM) may be related to pore waters from the weathering of the underlying 
lavas transported  by fractures, faults and in tergranular pores. The trace 
elements are still characteristic of an early rift regime although it is best to 
consider the volcanics as 'w ithin plate' continental or ocean island basalts 
(MacDonald and Whyte 1981) as the tectonic regime is that of dextral strike 
slip and not rifting (Read 1988).
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Figure 3.16 The relationship between the trace elements of the early diagenetic 
nodule from the Shrimp Member, and the m ean concentrations in the 
Carboniferous volcanics (calculated from MacDonald and Whyte (1981)). Zinc 
and zirconium show the greatest difference in concentration between the early 
diagenetic nodule and the mean volcanics. Copper, lead, and zinc are affected 
more by pore waters and show a significant shift between the values for the 
early diagenetic nodule prior to (SM /nod 1), and after dialysis (SM /nod 2).
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Figure 3.17 The trace element profile of the sediments from the Manse Burn, 
Bearsden and the mean Carboniferous volcanics (calculated from MacDonald 
and W hyte (1981)).
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3.5 Sedimentary environment of the Manse Burn Formation with particular 
reference to the Shrimp Member.
The relationship between the fossil assemblages of the different members of 
the MBF and the sediments is discussed here in order to provide a guide to 
changes in the general environm ental conditions. The detailed spatial and 
vertical distribution, as well as the orientation, of the fossil organism s 
recorded during the excavation of the Bearsden site (Wood 1982), is discussed in 
Chapter 6 , and the systematic palaeontology of the crustaceans is discussed in 
Chapter 5.
The relative concentrations of crustaceans from the Shrimp Member, which was 
estimated for each locality, shows a greater diversity of genera in the Campsie 
Hills localities and a lower diversity in the northern Ayrshire localities. The 
higher diversity of the crustaceans close to a source for freshwater influence 
suggests that the crustaceans were either, capable of tolerating a wide range of 
salinities, or, were able to migrate seaward during periods of lower salinity 
(Valentine 1983). The reason for the higher diversity may be due to increased 
productivity at the zone of maximum mixing between fresh and marine waters 
(see C hapters 4 and 6 ). The more benthic crustacean genera, such as 
T e a l l i o c a r i s ,  and M i n i c a r i s ,  and the nectonic crustacean C r a n g o p s i s ,  may 
have been m ore tolerant of a w ider range of salinities than the benthic 
crustacean T y r a n n o p h o n t e s ,  and the nectonic shrim p Pa lae my s i s  (see Chapter 
6 ).
Bivalve spat are ubiquitous throughout the Shrimp Member as well as within 
some of the other members. The environm ental conditions prevented the 
bivalves from reaching maturity, although the two, or three, growth stages 
represented suggests that they were able to grow to some extent before anoxic 
benthic conditions killed them. The two growth stages in the Shrimp Member, 
represent two spat falls, an early spat fall which was allowed to survive until 
the second spat fall which occurred just prior to the period of anoxic benthic 
conditions. Assuming that the bivalve spat produced a bi-annual bloom, then 
the eutrophic conditions producing the anoxic benthic conditions was an annual
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event. Seasonal rainfall in the catchment area of the rivers feeding greater 
quantities of nutrient-rich freshwater into the MVS would produce this annual 
eutrophication. In the Posidonia Member three growth stages are represented, 
perhaps due to less freshwater influence brought on by avulsion, i.e. a switching 
of the direction of freshwater flow into the area, and by the developm ent of 
more oxygenated conditions.
Although there are no marked seasons in the equatorial regions, the northern 
rivers were probably very large and may have been affected by seasonal 
rainfall in their catchm ent area. This would affect, seasonally, the clastic, 
organic, nutrient, and freshw ater input into the Carboniferous MVS. The 
am ount of clastic input into the MVS appears to be dom inated by the rate of 
subsidence and compaction of the sediments (Read 1988). The increase in organic 
input is not coupled with an increase in the clay input suggesting that the 
sources for these two components are m utually exclusive. Due to the distance 
from the open sea and as a result of the in terpretation of the chemical 
composition of the shales, it seems likely that most of the shales were derived 
fluvially from the weathering of the nearby volcanics. The organic content of 
the shales may be determined by the seasonally increased nutrient input from a 
fresh water source into the dominantly marine waters of the MVS at this time 
(see Chapter 4).
It is impossible to find a m odern, or indeed a stratigraphically younger, 
equivalent of the environment represented by the Manse Burn Formation, as the 
environmental conditions present were unique to that period and depended on 
the distribution and position of the continents, the catchment area of the rivers, 
and the tectonic environment. While the precise environm ental equivalent of 
the Manse Burn Formation may not be present in the m odem  environment, it is 
possible to infer from m odern environm ents what some of the characteristics 
may represent in sedimentological terms.
Concentration of crustacean moults occurs in the back-barrier lagoon of the 
Mgeni estuary of southeast Africa (Cooper 1988) in an environment bypassed by 
strong tidal currents where suspension settling leads to the accumulation of
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organic rich m ud and sand shows some similarity to the Shrimp Member of the 
Manse Burn Formation. The major differences between this environment and 
that of the Shrimp Member is that the organic lam ination is destroyed by 
bioturbation, the area represented by this environment in the Mgeni estuary is 
much smaller, and it occurs in a subtropical region.
The m ud facies of the back-barrier association in the Lower Cretaceous 
Jydegard Formation (Noe-Nygaard and Surlyk 1988) also shows similarities 
with the Manse Burn Formation. The dinoflagellate blooms caused seasonal 
mass mortalities of opportunistic faunas, and anoxic conditions caused the 
formation of finely laminated sediments. These sediments, however, were very 
shallow and developed rootlet beds in places. The scale of this deposit is 
comparable to that of the Manse Burn Formation as some of the m uddy horizons 
can be traced laterally for over 1km.
The palaeoecology of the shales immediately below the Top Hosie Limestone 
has been described as being from a shallow subtidal deposit where current 
strength was the major factor in determ ining the faunal assemblages found 
(Craig 1954). The presence of P o s i d o n i a  was thought by Craig to indicate 
tranquil and anaerobic conditions in these shales. In the Posidonia Member, 
however, there are a num ber of benthic organisms, such as gastropods, which 
co-occur w ith the mobile P o s i d o n i a ,  indicating that conditions were more 
aerobic than in the shales below the Top Hosie Limestone. Further up succession 
in the Manse Burn Formation, the Lingula Member contains a fauna similar to 
that of the L i n g u l a - N u c u l o p s i s  community of Craig (1954). According to Craig, 
this community lived in an environment with higher current strength and more 
aerobic conditions. As the character of the sediments does not change much, 
except the degree of lamination development and organic content, within the 
Manse Bum Formation, it is thought that the faunas are more influenced by the 
salinity conditions and oxygen levels of the water and sediments, rather than 
by the strength of the currents.
The general nature of the sediments of the Manse Bum Formation is similar to 
that of a Yoredale Cyclothem (Dunham 1950, Johnson 1962). The limestone base
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of the section could be taken to be the Top Hosie Limestone. The marine shales 
are represented by the named members of the Manse Bum Formation which are 
overlain by unfossiliferous ferruginous shales. The top of the Manse Burn 
Formation is a transition from the fine unfossiliferous shales into sandy shales 
and finally into a thick sandstone unit. Above the sandstone there is are some 
silty shales which eventually develop into a seat earth and a coal (Kilsyth 
Coking or Main Coal in the north).
Table 3.8 Typical Yoredale Cyclothem (Dunham 1950, Johnson 1962).
7) coal
6 ) ganister or underclay 
5) sandstone
4) sandy shale, shaley sandstone or grey beds (interbedded 
siltstones and sandstones)
3) unfossiliferous (?)non-marine ferruginous shale
2 ) marine shale
1 ) limestone
The coal may not be of the same cycle, as the rate of subsidence does not allow
the development of distinct and small scale rhythms which can be seen in the
condensed sections of the Muirkirk area in the south (Lumsden 1967), and the
Dunipace area to the north. The Manse Bum Formation may be represented by a
num ber of weakly developed minor rhythms which do not form complete cycles.
The character of the cyclothem represented here is similar to that described by
Johnson (1962) for the Carboniferous of Northern England, as being developed on
the boundary between Zone 2 (Yordale facies) and Zone 3 (open sea facies). The
i f  fcunrfl
thickness of the shales in the Manse Burn Formation (=40m at Corrie) suggests 
that subsidence was an active force in the developm ent of the shales in the 
area covered by this formation.
The succession within the Manse Burn Formation is that of a gradual marine 
regression after the rapid marine transgression represented by the Top Hosie 
Limestone. This regression is punctuated by several minor marine transgressions, 
such as that represented by the Posidonia M ember and several sm aller
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incursions represented by shelly horizons within the other members. The 
rapidity of the incursions be may due either to tectonic activity, especially in 
the more widespread horizons such as the Top Hosie Limestone, or avulsive 
events represented by the more restricted horizons, such as the Posidonia 
Member.
The geom orphology of the M idland Valley of Scotland during  the early 
N am urian  suggests that the shales of the Manse Burn Form ation were 
deposited in a partially enclosed body of water with only restricted access to 
the open sea to the west, and fluvio-deltaic influence to the east. It may be 
appropriate to regard the sediments as having been deposited in a large back- 
barrier lagoon beyond the range of tidal influence, but where there were 
significant seasonal marine and freshwater controls on the salinity and oxygen 
levels.
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Figure 3.18 Palacogeographical map of the Midland Valley of Scotland during 
the deposition of the Shrimp M ember showing possible surface currents, 
m=marine; b=brackish; f=fresh.
Chapter 4
Diagenesis and Preservation of Fossils
Many of the fossils from the Shrimp Member of the Manse Burn Formation have 
been d iagenetically  altered  and m ost preserve little of their original 
composition or structure. The best form of preservation results from the early 
d iagenetic phosphate replacem ent of the cuticle and soft tissues in the 
eumalacostracan crustaceans. The phosphate has replaced the cuticle in such a 
way as to preserve the microcuticular structures such as the major subdivisions 
of the cuticle, cu ticu lar ducts, and pore canals. Early d iagenetic  
phosphatisation of fossil organisms is uncommon, but not unknown (Briggs and 
Clarkson 1983, Briggs et al. 1983, M uller and W alossek 1985, Briggs and 
C larkson 1985a, b, Allison 1988b, Martill 1988), although details of the 
processes of diagenetic phosphatisation themselves, and chemical analyses of 
the resultant phosphates have yet to be fully explored.
Enterospirae show a range of diagenetic fluid compositions relating to the 
initial decomposition of the gut and gut contents, phosphatisation, and to later 
pore water diagenesis. The phosphatisation of the enterospirae is not related 
to the phosphate content of the water column, but derives prim arily from the 
decomposition of the gut, and gut contents, by bacterial action. Early collapse of 
some enterospirae, soon after burial, causes an enveloping phosphate nodule to 
form by the diffusion of phosphates into the sediment.
The bacteria or chemical processes responsible for the phosphatisation of both 
the crustaceans and the enterospirae produce microspherical aggregates of 
phosphate approxim ately 2|im in diameter. The phosphatisation may have 
occurred within weeks of being deposited on the substrate surface. Increases in 
nu trien t levels associated with the freshw ater influxes w ithin the back- 
barrier lagoon (see section 3.6), would result in algal blooms and eutrophication. 
On decom position, the algae would liberate a large enough quantities of 
available phosphates to allow the phosphatisation of crustaceans for a 
limited period. Crustaceans on the substrate surface at other times would not
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become phosphatised, but would decay to form calcite microconcretions.
Some of the eumalacostracan crustaceans are preserved as thin films of drusy 
calcite w ith little or no cuticular structu re preserved  resu lting  from 
decalcification followed by a later pore-filling calcite. The bivalve spat are 
also decalcified, with only external impressions of the valves remaining. Many 
other bivalves have secondary recrystallised drusy  calcite and some are 
replaced by pyrite. Myodocopid ostracodes are preserved in outline with the 
shell replaced by platelets of calcite which form in a similar m anner to the 
calcite microconcretions, which are found in extant eumalacostracan crustaceans 
as a result of the chitinolytic bacterial decay and recrystallization of the 
cuticle.
4.1 Phosphate preservation of crustaceans.
4.1.1 Chemistry of phosphates.
The phosphates which form the m ain constituent of the enterospirae, the 
crustacean cuticle, and the phosphatic nodules have sim ilar un it cell 
dimensions. These unit cell dimensions are also similar to previously described 
analyses for fluor-apatite and carbonate-apatite (Deer et a/,1978). The cuticle 
of P a l a e m y s i s  has been analysed using X-Ray Diffraction (Table 4.1, Fig. 4.1). 
Previous studies using this technique have suggested that the cuticle is 
composed of fluorapatite. The phosphates which form the main constituent of 
the Carboniferous crustacean cuticle do have similar unit cell dim ensions to 
fluor-apatite and also to carbonate-apatite (Deer et al. 1978). The apatite 
described by Rolfe (1962) in the cuticle of C e r a t i o c a r i s  p a p i l i o ,  also has 
similar unit cell dimensions (Table 4.1).
The unit-cell a values for the cuticle of P a l a e m y s i s  are closer to younger 
unaltered francolite values for unit-cell a (Miocene of Mexico 9.335-9.340) than 
to older values (Permian of western United States 9.350-9.355, Ordovician of 
Tennessee 9.340-9.350) (McClellan 1980). There appears to be a general increase 
in the unit-cell a dim ension through time due to the restructuring of the
&
phosphate structure (McClellan 1980). This suggests that the structure of the 
phosphate of the cuticle of Palaemys is  may not have altered much.
Table 4.1 The unit cell dim ensions of phosphates from the Manse Burn 
Formation.
a c c/a Source
9.337±0.0086 6.885±0.0053 0.737 P a l a e m y s i s  (Hewitt pers .  c o m m . )
9.344±0.0056 6.891±0.0056 0.737 P a l a e m y s i s  (Whyte pers .  c o m m . )
9.339±0.0013 6.88310.0028 0.737 P a l a e m y s i s  cuticle
9.334±0.0018 6.87610.0013 0.737 enterospire Cl
=9.35 =6.88 =0.736 C e r a t i o c a r i s  p a p i l i o  (Rolfe 1962)
9.35 6.87 0.735 Fluor-apatite (Deer et  al .  1978)
9.34 6.88 0.736 Carbonate-apatite (Deer et  al .  1978)
Figure 4.1 Typical XRD trace of phosphates from the cuticle of Pa lae my s i s .
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Energy Dispersive System (EDS) probe analyses of the cuticle suggest, however, 
that the composition is more complex. The basic phosphates formula for the 
fossil crustacean cuticle is
(M)5 (X)3 (Z)
(M=Ca, Na, Mg, Fe; X=PC>4 , CO3 , SO4 , OH; and Z=F, Cl, OH). The composition 
varies greatly but usually contains significant amounts of calcium, phosphorus, 
chlorine, and sodium. The classification of the phosphate, either francolite or 
dahllite, depends on the relative am ounts of CO3 2'  and F~ (Deer et al. 1978).
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The analysis of C C ^ ',  OH", and F" was beyond the analytical scope of the 
EDS probe used. However the average sodium content of the phosphate is high, 
as it is in francolite, and thus the cuticle phosphate is held to be that mineral.
Strontium or the rare earths, predominantly cerium, may replace calcium to a 
considerable extent. Values of up to 11% strontium  are known in some fluor- 
apatites (Deer et al. 1978). The phosphates of the enterospirae showed that 
these elem ents were enriched relative to NASC (La* and Ce*). In the 
phosphate nodule, however, the rare earth elements are not enriched relative 
to NASC. This indicates that the enrichment may have occurred within the 
enterospirae by differential adsorption of the elem ents w ithin the living 
animal or bacterial decomposition of the gut soon after death rather than by 
later diagenetic effects (Table 4.2).
Table 4.2 Concentration of rare earth elements and strontium  in phosphates 
from the Shrimp Member.
Sr (ppm) Ce (ppm) La (ppm) Ce.La*/La.Ce* Source
1161 2356 523 2.10 enterospire Cl
416 275 23 5.58 enterospire C2
688 1090 504 1.01 nodule A/N
132 93 46 0.94 shales (Shrimp Member)
142 66.7 (Ce*) 31.1 (La*) - NASC
Secondary phosphate, commonly francolite, has a higher Ca:P value than 
m any organically fixed phosphates (Aldridge and Arm strong 1981). The Ca:P 
values for Carboniferous crustaceans (Table 4.3), how ever, have a range 
between that for prim ary phosphates, and for francolite. The use of Ca:P ratios 
in the differentiating secondary from prim ary phosphate is unreliable and, in 
this case, may be a function of the thickness of the cuticle exposed to the 
available phosphates (Fig. 4.1).
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Table 4.3 Ca:P values for a variety of fossil phosphates.
Organism Source Ca:P
Spherical microfossils Aldridge and Armstrong (1981) 1.99-2.12
Conodont " 2.19
Francolite " 2.5-2.7
T ea l l i oca ri s  This study 2.33-2.44
Figure 4.2 The relationship between the cuticle thickness and the Ca:P ratio.
60 -
50 -
RA2 = 0.981
40 -
30 -
20 -
2.28 2.30 2.32 2.34 2.36 2.38 2.402.20 2 . 2 . 2 .
Cad5
72
Figure 4.3 Traverse across the cuticle of Teal liocaris showing the variation in 
Ca:P.
2.44
2.42 -
2.40 -
2.38 -
2.36 -
2.34 -
2.32
Epi F E5 E6 E7' E8
Outer cuticle Inner cuticle
As would be expected, the lower Ca:P ratios occur in the outer cuticle where the 
cuticle is in d irect contact w ith the phosphate-rich  w aters (Fig. 4 .3 ). 
Crustaceans with thicker cuticle retain more C C ^ "  in the inner cuticle as less 
phosphate ions are able to penetrate the full thickness.
4.1.2 Controls on the composition of francolite.
The com position of francolite may be controlled by a num ber of factors 
(McArthur 1985) such as:-
1) the pH and composition of the solution from which the
francolite forms;
2 ) weathering by meteoric waters;
3) diagenetic and catagenetic alteration as a result of burial,
presum ably as a result of increasing pressure and 
tem perature;
4 ) metamorphism producing more fluorapatitic compositions;
5 ) the original composition of the material being replaced.
The substituent elements of francolite are neither thought to be structurally/or 
m echanically controlled, nor significantly affected by the rate of francolite
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formation (McArthur 1985). The mechanism by which the francolite forms may 
not affect the composition, but it may affect the morphology of the phosphates 
produced. Francolite may form by precipitation from anoxic pore-w aters 
(Bremner 1980, Benmore et al. 1983), by replacem ent of carbonate (Parker 
1975), by bacterial processes (Lucas and Prevot 1984), and by precipitation from 
the w ater colum n at the sedim ent-w ater interface (Sheldon 1981). The 
phosphatisation of crustaceans from the Shrimp M ember is likely to have 
resulted from carbonate replacement at the sediment-water interface, perhaps 
with the help of the post-m ortem  precipitation of francolite in phosphorus- 
rich bacterial cells (O'Brien et al. 1981).
The composition of the francolite in the cuticle of the fossil crustaceans was not 
affected by m etam orphism  or burial, as the conodont colour alteration indices 
for the Carboniferous in the MVS suggests a maximum overburden of 3000m, 
although it is more likely to have been closer to only 1000m (Dean 1987). The 
only factors which may have affected the composition of the francolite, in the 
case of the fossil crustaceans, are the original composition of the shell, the 
composition of the waters in which the francolite precipitated, and later pore- 
water weathering effects.
The effect of weathering is to produce a more fluorapatitic composition by the 
removal of the substituent elements, such as Sr, Na,and SO4 , although the X- 
ray CO 2 . F / P 2 O 5 and the N a /S 0 4  ratios are not significantly affected 
(McArthur 1985). The small amount of sulphur and sodium in the cuticle of the 
fossil crustaceans, as well as in the enterospirae (Fig. 4.4), suggests that there 
has been some removal of these elements from the original francolite structure 
due to weathering. The ratio of sodium to sulphur, however, is much higher 
than that recorded for phosphorites (McArthur 1985), which would suggest a 
higher original sodium concentration in the formation waters. This, of course, 
assum es that the concentrations were derived from formation waters rather 
than being the original concentrations in the cuticle.
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Figure 4.4 Variation of Na with SO4 in francolite. Crosses represent data 
presented by McArthur (1985, Table 2); open circles represent probe data of 
enterospirae groundm ass; open triangles represent probe data of fossil 
crustaceans from the Shrimp Member.
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The detailed structures preserved in the crustacean cuticle (section 4.1.3, and 
Plate 5.13), suggests that little diagenetic recrystallization, which would occur 
du rin g  w eathering, has taken place. This suggests that the substituent 
com position of the francolite should be a reflection of either the original 
composition of the cuticle, or the composition of the surrounding phosphate- 
rich waters. Dissolution of the cuticle and reprecipitation of francolite would 
have destroyed m uch of the u ltrastructural detail of the cuticle if the 
francolite was formed prim arily by replacement. It is considered, therefore, 
that the com position of the cuticular francolite in some way reflects the 
original cuticular composition of the crustaceans.
4.1.3 Process of Phosphatisation.
The preservation potential of materials in a phosphate-rich environm ent was 
aptly dem onstrated by an excavation of a 155 year old burial in guano which 
produced a fairly well preserved Dutchman (Watson 1930). Guano has also
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preserved  textiles and b irds for several centuries on G uanape Island 
(Hutchinson 1950).
Secondary phosphatisation of fossil material appears to produce a consistent 
microscopic morphology suggesting that the basic processes behind diagenetic 
p h o sp h a tisa tio n  m ay also be sim ilar. M icrospherical aggregates of 
phosphates w ithin the cuticle of Teal l iocaris  are similar to those seen in 
other phosphatised fossil organisms. The texture of the apatite surfaces of an 
Early Cambrian invertebrate H y o l i t h e l l u s  and of the connecting rings of the 
O rdovic ian  nau tilo id  B a c t r o c e r a s , for example, exhibit a very sim ilar 
m icrospherical structure (Hewitt and Stait 1985). The phosphates of the 
Cretaceous fish of the Santana Formation (Martill 1988), and the Jurassic 
Oxford Clay squid (Allison 1988b) also form microspherular crystal aggregates.
The microspherical structure of the apatite is thought to be related to bacterial 
activity (Prevot and Lucas 1986), the pseudomorphic replacement of carbonate 
by phosphate being initiated by bacteria in a solution of RNA, and being 
capable of preserving m icrostructural fram ew orks in shell or carapace 
materials. The bacteria are also microspherical, are of the order of 2(im or more 
in diam eter and have been shown to be responsible for the apatite replacement 
in the Moroccan phosphorite of the Eastern Ganntour Basin (Prevot and Lucas 
1986). Phosphates can also replace tissues and organs as seen in the muscle 
tissue of the Cretaceous fish of the Santana Formation (Martill 1988) and also 
in a specimen of Pa l a e m y s i s * and T e a l l i o c a r i s .  The specimen of P a l a e m y s i s  
has blood vessels, gills, muscle blocks and the gut preserved by phosphates. 
Most of the soft tissues have been extruded from the body cavity and are 
d isarticulated  suggesting at least partial decomposition. The specimen of 
T e a l l i o c a r i s  has m uscle blocks p reserved  in  s i t u  in d ic a tin g  th a t 
phosphatisation occurred very soon after death. Sulphate-reduction causes 
almost total decomposition of both heavily and poorly calcified crustaceans 
under anaerobic marine conditions within 25 weeks, and the corresponding rate 
of methanogenic decay of chitin in freshwater is only slightly slower (Allison 
1988a). The state of preservation of the crustaceans in the Manse Burn 
Form ation suggests that the phosphatisation occurred within the first two
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weeks after death, as most of the limbs and arthrodial membranes are still 
intact.
The exocuticle of T e a l l i o c a r i s  was phosphatised by rapid  diffusion and 
substitution of phosphates from the water column. This can be seen on a traverse 
of the exocuticle which shows a gradual increase in the Ca:P values from the 
outer exocuticle inw ards (Fig. 4.3), similar to that found in the phosphate 
replacement of calcite nodules (Bushinski 1935). A low pH value in the water 
su rround ing  the outer cuticle will cause this substitution to occur. The 
substitution by the phosphate ions appears to have been predom inantly of 
carbonate ions as the sulphate concentration does not change significantly 
throughout the exocuticle. Sulphate reduction appears to have only affected 
the outer exocuticle, as the inner exocuticle was probably buffered by a 
carbonate rich solution due to the decay of the endocuticle. The decaying 
endocuticle has produced radially crystalline aggregates of calcite, in the form 
of microconcretions, with low phosphate concentrations, perhaps due to the 
action of chitinolytic bacteria which commonly cause decay of the crustacean 
cuticle (Herwig et  a l  1988).
Post-burial pore fluids rich in m agnesium  and iron, may have caused 
substitution of the calcium in the outer and inner margins of the exocuticle but 
did not pervade the entire exocuticle of Teal l iocaris  (Fig. 4.5). This variation 
of iron and magnesium may also be a reflection of the original variations in the 
chemistry of the cuticle, rather than as a result of pore fluid effects.
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Figure 4.5 Distribution of iron and magnesium through the cuticle of
T  e a l l i o c a r i s .
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A Recent crustacean (amorphous calcium carbonate), a bivalve (aragonitic), and 
a calcite rhomb were placed in concentrated phosphate solutions to assess the 
effect of purely chemical phosphatisation on different forms of calcium 
carbonate (see Plate 4.1). The bivalve, D o n a x  v i t t a t u s ,  produced hexagonal 
laths of apatite (=1 0 0 fim in diameter), while the surface of the calcite rhomb 
reacted to produce large spherical masses of feathery phosphate (=1 0 0 pm). 
The cuticle of the Recent crustacean Cancer ,  used because it lacked phosphates 
in the cuticle, did not change its basic form for over a year of being exposed to 
the solution, although colour disappeared after a few hours of immersion. The 
cuticle formed microspherical aggregates of phosphate (<2 0 pm) similar to 
those produced in the fossil crustaceans. The actual size of these microspherical 
nodules may depend on the length of time exposed to the phosphate solution 
and on the concentration of the solution used. Sections of both unphosphatised 
and phosphatised cuticle were made from the claw of C a n c e r .  The sections, 
which were analysed using an EDS probe, showed that there were some small 
changes in the chemistry of the cuticle taking place during phosphatisation. 
The unphosphatised cuticle of Cancer  had an average of 35.1% calcium with a 
slight peak in the middle of the exocuticle (Fig. 4.6).
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Figure 4.6 Dist r ibut ion of calcium across the cuticle of C a n c e r
(unphosphatised).
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In the phosphatised cuticle the calcium concentration is slightly lower in the 
exocuticle (=32.4%). The epicuticle of the phosphatised sample (Fig. 4.7), 
however, is much the same as in the unphosphatised sample (=35.2%) (Fig. 
4.6).
Figure 4.7 Distribution of calcium across the cuticle of Cancer  (phosphatised).
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The phosphate concentration is higher in the tegumental ducts and it is likely
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that this is the route taken by the phosphates in the fossil crustaceans (Fig. 
4.8).
Figure 4.8 Distribution of phosphorus through the phosphatised cuticle of 
Ca n c e r .
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Chlorine, sulphur, and sodium decrease in concentration across the exocuticle of 
both the phosphatised (Fig. 4.9) and unphosphatised samples (Fig. 4.10).
F igure 4.9 D istribu tion  of su lphur, chlorine, and sodium  across the 
unphosphatised cuticle of Cancer .
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Figure 4.10 Distribution of sulphur,  chlorine, and sodium across the
phosphatised cuticle of Ca nc e r .
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The slight variations in the concentrations of the major elements in the cuticle 
may be as a result of sample bias. The presence of these elements in the Recent 
crustacean in similar concentrations before and after phosphatisation suggests 
that the concentrations of these elements in the fossil specimens are close to the 
concentration in the living animal. The cuticle of Tea l l i oca ri s  has an average 
calcium concentration (=34.5%) very similar to that of the unphosphatised 
cuticle of C a n c e r .  This concentration is thought to be approxim ately that of 
the original living cuticle of Teal l iocar is .
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Figure 4.11 Distribution of sodium and sulphur through the cuticle of
T  c a l l i o c a r i s .
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Pore canals were too small to allow reliable readings of their phosphate 
concentration to be taken but may have been partly responsible/ in conjunction 
with the tegumental ducts, for the transport of phosphates into the cuticle. The 
sodium  levels (Fig. 4.11) in the cuticle of the fossil crustaceans may give an 
indication of the life environm ent of the crustacean, or the environm ent of 
phosphatisation of the cuticle (see Chapter 6 ) depending on whether the 
concentration of sodium is original or secondary substitution (see section 4.1.2).
4.1.4 Environmental conditions necessary for phosphatisation.
Phosphate is an im portant element in the life cycle of all living organisms and 
is found in deoxyribonucleic acid (DNA), ribonucleic acid (RNA), adenosine tri- 
, di-, and mono-phosphate (ATP, ADP, AMP). In water systems phosphate ions 
are quickly used by plants and phytoplankton. Eutrophication may occur where 
phosphates are abundant by blooms of blue-green algae and other nitrogen- 
fixing organisms. Phosphates are released into the water column from the 
sediment surface only during anoxic bottom water conditions (Pierrou 1976) due 
to the decomposition of organic matter. The resulting low oxygen conditions 
created by phosphate enrichment will eliminate the more sensitive life forms. 
Freshwater ecosystems are particularily sensitive to increases in phosphate 
concentration, whereas coastal waters are only affected when exchange with
82
the marine environment is impeded, causing estuarine circulation. Estuarine 
environments tend to accumulate phosphates and also to develop anoxic bottom 
water conditions (Pierrou 1976).
Several experim ents and observations on phosphatisation of calcareous 
m aterials have provided certain constraints. Fallot et al. (1983) found that a 
decrease in the concentration of HCO3 ',  P 0 43~, S 042',  CP, Ca2+, Mg+, and 
N a+ occurred when non-saline mineral water is passed over calcium carbonate 
granules. The P 0 4 and S 0 4 ’ ion concentrations become negligible, 
presum ably precipitating as apatite. Phosphates (N aH 2 P 0 4) injected into 
water saturated in calcium carbonate causes a decrease in the pH and an 
increase in the conductivity of the water. As much as 90% of the phosphate ions 
are either fixed or precipitated. The phosphate ion appears to replace the 
carbonate ions in the calcium carbonate to some extent. An influx of distilled 
w ater causes m ore phosphate ions to precipitate. The precipitation of 
phosphate minerals can occur in the absence of bacterial or algal activity under 
experim ental conditions (Fallot et  al. 1983) and hence should occur under 
natural conditions where phosphate ions come into contact with calcium ions or 
calcium  carbonate. It is m ore likely, however, that the replacem ent of 
carbonate by phosphate is as a result of a combination of biological and 
chemical processes in nature.
N on-photosynthetic filamentous bacteria are thought to be responsible for 
phosphate  cem ents in Miocene sedim ents of the M onterey Form ation, 
California (W illiams and Reimers 1983). The bacteria have adapted  to a 
microaeorophilic environment between the oxic layers above and the sulphidic 
layers below in which they would die during burial. A common constituent of 
bacteria, carbonic anhydrase (Veitch and Blakenship 1963), m ay have 
cata lysed  the post-m ortem  p recip ita tion  of carbonate-hydroxyapatite  
(McConnell et al. 1961, Smith 1987).
A recently described Cretaceous fish fauna from the Santana Formation of 
Brazil (Martill 1988) shows phosphatisation of soft tissue. As with many 
environm ents w here phosphatisation has taken place, the environm ental
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conditions are much in dispute ranging from brackish to hypersaline. Martill 
suggests a cnass mortality of nectonic organisms may have occurred due to 
an occasional influx of hypersaline waters resulting in a restricted benthic 
fauna. The phosphate occurs in enterospirae, replacing soft tissue, and as a 
surface coating to bones. The timing of the phosphatisation is interpreted as 
being prior to burial as no sediment has invaded the body cavity or tissues and 
there is sometimes a partial disarticulation of the fish. Low oxygen levels at 
this time, represented by dark organic-rich laminations, would have prevented 
scavanging and enhanced the preservation potential of the fish. Organic rich 
laminae may be an indication of widespread prokaryotic mats which survive 
due to the lack of grazing. The phosphates may have originated from the 
microbial decomposition of organic material concentrating in the near substrate 
surface pore waters. It is unlikely that the amount of phosphates released from 
an individual carcass alone could have caused the phosphatisation of that 
carcass.
It is suggested that very sim ilar conditions prevailed at the time of the 
phosphatisation of the crustaceans of the Manse Burn Formation although it is 
unnecessary to invoke mass mortalities. The decay of algae producing the 
darker lam inations (see Plate 4.2d) would liberate sufficient phosphate to 
allow the phosphatisation of the crustaceans. The phosphates, taken-up by 
the algae, may have originated from the weathering of the volcanic rocks, and 
from hot springs which may have been active in the Bathgate area during the 
Lower Limestone Group (Muir and Walton 1957), and subsequently concentrated 
on the substrate surface by the decomposition of the algae. The sediment does 
not appear to have invaded the body cavities or soft tissues of the crustaceans, 
and minimal disarticulation of the carcasses suggests that the phosphatisation 
took place prior to burial in a low energy anoxic environm ent. The lack of 
scavanging by benthic organisms, such as ostracodes, also indicates anoxic 
bottom  conditions. There is no evidence to suggest that hypersalinity was the 
cause of the phosphatisation. It is probably more correct to infer a nutrient-rich 
freshwater source causing algal blooms and eutrophication. Between these toxic 
events oxygen levels were high enough to allow shallow bioturbation of the 
sediment. The low current activity is exemplified by the numerous specimens
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where fragile limbs are still found to be attached to the limb bases and in close 
association with the other parts of the exuviae or carcasses.
4.1.5 Preservation potential of crustaceans.
Decomposition in the marine environment occurs more rapidly than in the 
terrestrial environm ent, and a com bination of a vulnerable am orphous 
carbonate cuticle (Prenant 1927) together with chemical and biochemical 
degradation  ensures that crustaceans generally have a low preservation 
potential. Bacterial activity, for example, can com pletely destroy marine 
copepods within 3-11 days depending on water tem perature (Harding 1973), 
and chitinolytic bacteria have been shown to degrade chitin in krill exuviae at 
a rate of 207 m g /d ay  per gram in a Virginian estuary (Herwig et al. 1988). 
Purely chemical activity, the decalcification of calcareous arthropod remains, 
has been shown by Aller (1982-) to occur near the sediment surface where the 
pore waters are under saturated in carbonate.
The preservation potential of crustaceans is affected by the depth of burial, 
degree of oxygenation of the sediment, the degree of bioturbation of the 
sediment, scavanging, bacterial and chemical degradation, and the degree of 
physical d isturbance (Plotnick 1986, Allison 1988a). The potential for 
preservation is increased if the effect of the above factors is decreased or 
stopped completely during the early taphonomic stages. The phosphatisation 
of the crustaceans, from the Shrimp Member, must have occurred quite rapidly 
in an environment where most of these factors, such as scavanging, bioturbation, 
and physical disturbance, did not apply.
4.2 Coprolites and enterospirae.
There are a variety of different types of coprolites and enterospirae found from 
the Shrim p Member of the Manse Burn Formation. Many have an internal 
spiral structure with varying degrees of internal collapse and nodule formation 
(the fossil content of the coprolites and enterospirae is discussed in chapter 6 ). 
The enterospirae have undergone a series of early diagenetic porew ater
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crystallisations most of which are probably related to the decay of the soft 
tissues. Depending on the extent of internal collapse of the enterospire and the 
original composition of the decomposing fluids, several stages of porefluid 
crystallisations can be recognised.
4.2.1 Preservation and diagenesis.
Hutchinson (1950) described a number of processes by which soluble phosphates 
become more stable. Many minerals present in guano may also have been 
common to enterospirae and coprolites. Taylorite (a potassium  am m onium  
su lp h a te ) , g y p su m , s te rc o rite  [N aH (N H 4 ) P 0 4 -4 H 2 0 1 , b ru sh ite  
[ C a i o ( r ,2 (^ 8 ^ 3 ^ ^ ^ 2 l '  m onetite  [C aH PC ^], and  h y d ro x y lap a tite  
[C aio(r>2 ^ 8 ^ 3 ^ ^ ^ 2 l occur abundantly in guano. Brushite forms at 25°C and 
below pH6.4 and is found as an encruster on bones in recent deposits. Water 
extracts phosphates from brushite and monetite as it passes through excreta 
producing the more stable hydroxylapatite in the remaining excrement. The 
phosphatic  nodules su rround ing  the collapsed or partia lly  collapsed 
enterospirae from Bearsden may have formed by the diffusion of such soluble 
phosphates into a calcium rich environment prom oting the precipitation of 
francolite.
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Figure 4.12 Average enterospire ground-mass composition; a) major elements, b)
trace element concentration of Cl, c) trace element concentration of $&>),
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The trace elements in the enterospirae may give an indication of diet and can 
vary greatly between different specimens. In figure 4.12b/c, enterospire Cl did 
not contain any fish debris and enterospire C2 contained abundant fish debris.
In most enterospirae the first stage of crystallisation is the formation of 
phosphate followed by the development of pyrite throughout the enterospire 
in the form of small individual tetrahedra or by replacement or coating of 
shelly materials. Pyrite also occurs along the thin lining of the spiral and 
replacing p lan t fragm ents. Sphalerite is a common sulphide w ithin the 
enterospirae and is associated with a post-collapse crystallisation as it can be 
seen forming between fractured fish scales. Baryte is not common to all the 
enterospirae and may be related to a secondary replacement of a pre-existing 
early sulphate. Most of the baryte has probably entered the enterospirae from 
secondary pore waters as it does not occur within the early diagenetic nodules 
(see section 3.3.1). The other porew ater m inerals which occur in various 
concentrations and compositions are clays, quartz, calcite and phosphate.
There are several different cement morphotypes which can be distinguished in 
th in  sec tion  in tran sm itted  and reflected  lig h t as well as by 
cathodoluminescence (CL) (Table 4.4). These cements can also be distinguished 
by com position using probe analyses. The interrelationship of these various
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cements also gives a relative history of diagenetic processes which affect the 
enterospirae:-
1) Phosphate genesis within the enterospirae related to decay 
of the soft tissue and gut contents;
2) Formation of pyrite in the ar.oxic microenvironment of the 
enterospire. The pyrite forms euhedral crystals and coats and replaces some of 
the fossil elements;
3) a) Radially crystallising carbonates within the central 
collapsed area (orange under CL). This includes the cement which occurs along 
the lining of the enterospire spiral;
b) Sphalerite also crystallises in some enterospirae 
soon after collapse and mostly occurs in the outer edges although some occurs 
in ternally  w here collapse has been particular ly severe (NCA3). It also 
partially fills some bivalves in NCA1;
c) N odules form m ainly around those enterospirae 
which have undergone a certain am ount of collapse causing the diffusion of 
phosphates into the sediment;
4) The lighter clear carbonate, quartz, clay cement infills 
bivalves and spaces (dark red in CL). The crystal angles can be seen where the 
cement has not totally filled the pores;
5) a) Grainy kaolinite fills the central collapse area and 
other internal collapse areas (blue under CL);
b) This also fills some bivalves in sample NCA1;
c) Compaction of the enterospirae in nodules produces 
veinlets which are filled with this cement as well as containing fragmentary 
fish scales indicating forceful injection of the cement;
d) In some enterospirae erosion has taken place while 
the enterospire was unconsolidated (NCC1);
6) A brown siliceous cement fills spaces in the bivalves;
7) The baryte is probably the last cement to enter the system 
and may replace previous cements. It can occur abundantly (a) or in trace 
amounts (b);
Table 4.4 The phases of diagenetic cements present in a number of thin sections 
of enterospirae from the Manse Burn Formation.
Sam ple
I 2
Diagenetic stages 
3 4
present
5 6 7
NCA1 V V a V a,b V b
NCA2 V V a - a V a
NCA3 V - a,b,c - a,c . _
NCA4 V - a,b,c - a,c - _
NCB1 V V a V a y b
NCB2 V V a - a - b
NCB3 V - a,b,c V a,c - b
NCC1 V - a,b V a,d - b
NCC2 V V a V a V b
NCC3 V V a V a,d V b
(V = present; - = not present)
The timing of the formation of the various cements is sometimes difficult to 
assess due to the sections not showing the relationships between the cements 
(Table 4.4). However, sufficient detail has been seen to allow an attem pt at 
defining the diagenetic history of the enterospirae (Table 4.5).
Table 4.5 Proposed diagenetic history of enterospirae from the Manse Burn 
Formation.
EVENT T I ME  -------------- >
0) P h o s p h a t e ^ — ..................................... —
1) P y r i t e
2) S p h a l e r i t e •
3) C a r b o n a t e
4) Nodule f o r ma t i o n ............................. ♦ —
5) Ca r b o n a t e ,  c l ay ,  q u a r t z  c e m e n t ..........*
6) Br own s i l i c e o u s  c e me n t •
7) Kaol i n i t e  c e me n t •
8)  B a r y t e  c e m e n t •
Expanded dark areas represent the most likely relative timing of cementation and
crystallisation.
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The m icrostructure of the enterospirae, seen using a Scanning Electron 
Microscope (SEM), resembles the microspherical bacterial concretions described 
as preserving the soft tissues of fish and crustaceans (section 4.1.3).
The small amphipolar coprolites may be crustacean coprolites and vary greatly 
in com position. They consist mainly of organic m aterial w ith some clay 
minerals, pyrite and carbonates. There is not any obvious internal structure to 
these coprolites.
4.2.2 Isotopes 3180, 313C, 87Sr/86Sr.
One of the enterospirae from Bearsden was analysed for isotopic ratios of 3180, 
313C, and 87Sr/86Sr. This was done to attem pt to identify the environmental 
conditions of the formation of the phosphates w ithin the enterospire. The 
secondary diagenetic calcite was removed prior to the analysis of the isotopic 
ratios. 3180 and 313C were m easured using the carbonate ions within the 
francolite structure.
As the enterospire represents the gut-fill of a fish, it is reasonable to assume 
that the phosphates were precipitated following the decay of organics 
contained w ithin the enterospire and also from the decom position of the 
enveloping soft tissue of the gut wall. The carbonate and phosphate ions within 
the carbonate apatite would form from the isotopes evolved during organic 
decay. Any loss of the lighter isotopes would produce more positive values in 
the residual material. This means that the original isotopic ratio values would 
have been more negative than that measured.
Phosphates are thought to produce reliable 3180 values for the tem perature of 
formation due to being in equilibrium with the surrounding water (Longinelli 
and N uti 1973, Savin 1980). The relationship between the oxygen in the 
carbonate ions in apatites and co-occurring calcite has been derived by Shemesh 
et  al. (1988) and shows a high degree of correlation. Where 318O cc is the 
oxygen isotope ratio for calcite and 318Oc is the oxygen isotope ratio for the 
carbonate ions of apatite, the relationship between the co-occurring species is 
shown by the expression;
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3180 cc=1.023180 c-0.89
and the relationship between 3^8Occ and temperature is given by the equation;
100 In a (cc.w)=2.78(106/T 2)-2.89
where ot(cc_w) is the fractionation factor between carbonate and water, and T  is 
in degrees kelvin. Combining the two equations above provides us with an 
equation for calculating the tem perature of the formation of the francolite in 
the cuticle of the fossil crustaceans, or a value of the isotopic ratio of the water 
of formation;
Assuming that the tem perature of the water could be anything between 15'C 
and 30°C for an equatorial lagoon, the calculated 3W for the waters which 
precipitated the phosphate ranges from -4.3 to -7.7 (Fig. 4.13).
Figure 4.13 G raph showing the relationship betw een the tem perature of 
formation of the francolite (T°C) and the isotopic ratio of the water Ow).
1.02 518O „ -  5180  + 2 .00o w
2. 78x10®
probable temperature range 
for equatorial waters
-40 -35 -30 -25 -20 -15 -10 -5 0
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Table 4.6 Isotope ratios of an enterospire from Bearsden.
313CPDb 318QPDB a18QsMOW 87SrZ86^  ivvSMOW 101=15/301 
-11.24 -7.22 +23.42 0.70824 -7.58/-4.35
-11.29 -7.32 +23.31 -7.69/-4.46
There is a constant trend in 3 ^ 0  values to decrease towards the Precambrian 
although anomalously low values have been recorded from the Carboniferous 
(Longinelli 1966, Longinelli and Nuti 1968). The low values recorded for the 
enterospire are likely to result from the precipitation of phosphates from a 
meteoric water source.
1 ^The 3 C values will be more positive than the original organic material due to
decomposition and loss of some of the lighter isotope. As bacteria make up the
1 ^bulk of the enterospire, it is likely that they are major contributors to the 3 C
1 ^value. The m easured 3 C values fall into the isotopic ratio ranges for 
eukaryotic algae, cyanobacteria, some anoxygenic photosynthetic bacteria, and 
m ethanobacteria (Schidlowski 1988).
Both the 3 ^ C  and the 3 ^ 0  values fall close to the range reported for a pellet- 
bone phosphorite from Israel (McArthur et al. 1980) (Fig. 4.14). Although the 
origin of the phosphate in the Israeli phosphorite is not known, it appears to 
fall into the field of authigenic phosphate precipitated from non-m arine 
waters.
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Figure 4.14 and 3 ^ 0  data for carbonate fields and some data from
M cArthur et  al. (1980, fig. 1). The hatched area represents data from Israel 
(M cA rthur et  al. 1980), and the black triangle represents the data from the 
Carboniferous enterospire from Bearsden.
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The 87Sr/86Sr ratio value of the enterospire is similar to previous figures for 
normal m arine carbonates in the Lower Carboniferous (Peterman et al. 1970, 
Burke et  al. 1982). The strontium  ratios probably result from the weathering of 
a m ix tu re of volcanic rocks ( 8 7 S r /8 6 S r u =0.704), old sialic rocks 
(87Sr/86Srs =0.720), and marine carbonates (87Sr/86Srm=0.708 (approxim ate 
value for the Carboniferous)) producing the measured value recorded in the 
phosphate (Faure 1986). The 87Sr/86Sr ratio of sea water (siv )  is related to the 
sum  of these factors (87Sr/86Srsa;=0.704^+0.720s+0.708m) (Faure 1986). A 
ratio of 60% volcanic source, 20% sialic source, and 20% marine source for the 
strontium  ratios, for example, would produce a combined 87Sr/86Sr ratio value 
of 0.708. It is possible that the 87Sr/86Sr ratio is due entirely to the weathering 
of marine carbonates, however, this is unlikely due to the proximity of active 
and weathering volcanics within the MVS and the meteoric influence in the 
precipitation of the phosphates shown by the calculated d^8O w ratios.
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The stron tium  isotope ratios suggest that the en terospire phosphates 
crystallized in an environment which was either normal marine or a mixture of 
waters dom inantly from weathered volcanics, with some old sialic rocks, and 
marine carbonates. The values indicate that the phosphates were formed 
as a result of bacterial decomposition, and the low 3 ^ 0 W ratios suggest a 
meteoric influence.
4.3 Calcite preservation.
4.3.1 Myodocopid ostracodes (see Plate 4.2a, b).
The myodocopid ostracodes occur abundantly in the lower part of the shrimp- 
bearing shales immediately above the marine shales of the THL horizon. The 
cuticle is preserved as a num ber of radially crystallised calcite polygonal 
platelets and microconcretionary nodules. Most of the myodocopids preserve 
the original outline of the valves but do not preserve the original cuticular 
ultrastructure. Similar platelets and nodules have been recorded from Recent 
myodocopid ostracodes resulting from the recrystallisation of amorphous or fine 
grained calcium carbonate in the cuticle (Sohn and Kornicker 1969).
Fossil myodocopids also preserve these structures. Rolfe (1963, fig 4) figures a 
specim en of the Ordovician El p ine l l a  radiata  which has rosette structures. 
Specimens of the Carboniferous E oc ypri di na ,  Varg u la ,  a n d  Bey r i chi ana  w hich 
were figured by Sohn (1977) also exhibit the rosette platelets. More recently 
Siveter et al. (1987) described sim ilar structures in Silurian and Recent 
myodocopid cuticles. The morphology of the platelets is thought to depend on 
the num ber of nucleation centres perhaps relating to the distribution of pore 
canals.
All the m yodocopid carapaces from the Manse Burn Form ation exhibit a 
sim ilar platelet m orphology to 'Case C4' of Siveter et  al. (1987) which 
describes the closely packed, perforated rosettes. These may represent pre­
m oult well-calcified individuals which have undergone post-mortem acicular 
calcite crystallisation.
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Nlyodocopids from the Visean 'Granton Shrimp-Bed', near Edinburgh, form 
platelets corresponding to 'Case D4' of Siveter et al. (1987) presum ably 
relating to a different pore canal distribution. The crustacean elements of the 
faunas present at Granton and the Manse Burn Formation suggest that these 
represent similar environm ental conditions. It may be that the form of the 
platelets have some limited taxonomic value although it would be necessary to 
have some cuticular u ltrastructure preserved to produce a more precise 
taxonomic identification.
4.3.2 Eumalacostracans.
Many of the eumalacostracan crustaceans have produced radially crystallised 
calcite m icroconcretions (see Plate 4.2c, g). These may have form ed by 
recrystallisation of microcrystalline or am orphous calcium carbonate of the 
cuticle in a similar m anner to the rosettes in the m yodocopids (Sohn and 
Kornicker 1969). Rosettes have been previously recorded in both fossil (Peach 
1882; pi 9, fig 4g,h) and m odern crustaceans (Peach 1882; p80, Kelly 1901). 
Dudich (1929) illustrated calcareous nodules formed after soaking a fragment of 
P e n a e u s  in distilled water for 24 days.
The formation of the nodules may be catalysed by chitinolytic bacteria during 
the decom position  of the cuticle (H erw ig et  al. 1988) p rio r to any 
p h o sp h a tisa tio n  event. Both the m icroconcretion form ation  and the 
phosphatisation affect only the am orphous calcium carbonate of the cuticle. 
After the formation of crystalline microconcretionary calcite in the crustacean 
cuticle, phosphatisation can^not occur and the converse is also true, the 
phosphatisation prevents the formation of microconcretions. The endocuticle is 
the first part of the cuticle to be affected by the bacteria responsible for the 
microconcretions and in some cases it is possible to have an inner microconcretion 
preservation of the endocuticle and an outer phosphatisation of the exo- and 
epicuticle (Specimen A21509b).
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Table 4.7 Phosphate concentrations in nodules of fossil crustaceans and the 
cuticle of some Recent crustaceans.
T e a l l i o c a r i s C r a n g o p s i s
*
A s t a c u s S q u i l l a * C a n c e r
Ca % 38.06 35.43 30.44 12.25 35.08
P% 0.54 0.41 1.39 1.76 0.00
P/Ca 0.014 0.012 0.046 0.144 _
* taken from Kelly (1901)
T e a l l i o c a r i s  and C r a n g o p s i s  have low phosphate concentrations in the 
microconcretions relative to the phosphate level in the cuticles of A s t a c u s  and 
S qu i l l a  (Table 4.7). The level of phosphate in the microconcretions is not 
unusual and may represent the original phosphate concentration in the cuticle 
of the fossil crustaceans. The greater organic content of the cuticle in S q u i l l a  
corresponds with a lower concentration of calcium relative to phosphate.
Thin sections through altered crustaceans show that the innermost part of the 
cuticle is most likely to form the microconcretions. This may be due to the 
phosphatisation front moving from the outer cuticle inwardly not reaching the 
innermost parts fast enough to prevent the formation of the microconcretions. On 
lam ination surfaces the nodules retain the basic outline of the crustacean but 
show no segmentation.
Another type of preservation of the crustaceans is by dissolution of the cuticle 
after burial and infilling of the resulting pore space by drusy calcite. This 
process (Bathurst 1964) also affects some bivalves. The result is a good external 
m ould of the shrimp which shows the segmentation and surface texture of the 
shrim p without any cuticular structure within the calcite.
4.3.3 Bivalves.
The bivalve spat from the Manse Burn Formation are mostly decalcified except 
w ith in  diagenetic nodules and enterospirae. The surface ribbing is well 
preserved on the external moulds and the shells appear uncompacted. Only one 
of the valves is ever seen except where the shells have been preserved in their 
entirety in nodules and enterospirae. In large bivalves, such as N a i a d i t e s ,  the
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pore space left by decalcification has been filled by later drusy calcite. The 
drusy calcite may have precipitated from calcium carbonate rich pore waters 
resulting from the decalcification of the abundant bivalve spat.
4.4 Pyrite preservation.
One specim en of T ea l l i o car i s  and several specim ens of the syncarid 
(M i n i c a r i s ) have been replaced by pyrite due to bacterial decomposition in a 
highly reducing environment. The crustaceans were presumably brought below 
the oxic-anoxic transition zone, before decom position of the cuticle and 
phosphatisation  was complete, by a raising of the level of the boundary 
relative to the shrimp. This may have occurred while the crustaceans were 
still exposed on the substrate surface or after shallow burial. The pyrite may 
have coated the crustaceans during anaerobic sulphate-reducing conditions in 
the marine environment which results in the formation of an iron monosulphide 
skin on the surface of the cuticle (Allison 1988a). The anaerobic conditions may 
form around the decaying shrim p despite aerobic water conditions but the 
existence of sulphate reducing bacteria is a good indicator of marine conditions 
(Allison 1988a).
L e i o p t e r i a  is also preserved in pyrite. This may be due to a different shell 
structure, organic content, or mode of life from the other bivalves at this 
horizon. It is a byssate bivalve which occurs in concentrated masses perhaps 
attached to an aquatic plant which is no longer preserved. Leiop te r i a  is a 
facultative commensal which is also found attached to the cephalic shield of 
C y c l u s .  A lthough L e i o p t e r i a  is pyritised, the cuticle of C y c l u s  is not. This 
may be due to the am orphous nature of the cuticle of C y c l u s  while L ei op te r i a  
has an aragonitic shell. The phosphatisation was not strong enough to dissolve 
the aragonitic shell of L e i o p t e r i a  prior to the anoxic reduction of the shell 
producing pyrite.
Plate 4.1
a) H ighly magnified dissolution of a calcite rhom b by a concentrated 
phosphate solution (X130).
b) Resulting phosphate morphology crystallized on a calcite rhomb (X130).
c) Phosphate crystallization on a bivalve (D o n a x  v i t t a t u s )  exposed to a 
concentrated phosphate solution (X130).
d) Phosphate crystallization on a crustacean (C a n c e r ) exposed to a 
concentrated phosphate solution (X130).
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Plate 4.2
a) A myodocopid ostracod from the Shrimp Member showing the diagenetic 
rosette structures of the recrystallized carapace (X15).
b) Enlargement of the rosettes showing the angular nature of the contacts 
between them (X42.5).
c) Diagenetic crustacean calcite microconcretions from the Shrimp Member 
(X250).
d) Section through the sediment of the Shrimp Member showing the laminar 
structure (X35).
e) C a v u s g n a t h u s  n a v i c u l u s  from the Posidonia Member (X70).
f) G n a t h o d u s  g i r t y i  from the Posidonia Member (X70).
g) W ell p reserved  C r a n g o p s i s  e s k d a l e n s i s  (p hospha tised ) a lo n g s id e  
decomposed crustacean outlined by calcite microconcretions from the Shrimp 
Member (X5).
h) D en s o s p o r a  t r i angular is  from the Shrimp Member (X700).
i) Ly cospora  n o c t u i n a  from the Shrimp Member (X700).
j) Verr uc os is po ri te s  m o r u l a t u s  from the Shrimp Member (X700).
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Chapter 5
Crustacean Palaeontology of the Manse Bum Formation
Only five species of malacostracan crustaceans are found from the Manse Burn 
Form ation in the western M idland Valley of Scotland. These crustaceans, 
which include, T y r a n n o p h o n t e s  p a t t o n i ,  C r a n g o p s i s  e s k d a l e n s i s ,  P a l a e m y s i s  
d u n l o p i ,  Teal l i ocari s  r o b u s t a , and M i n i c a r i s  brand i ,  are described in terms of 
their relationships with extant crustaceans and other fossil groups of the same 
age. One m axillipod of the Subclass Copepoda, C y c l u s  r a n k i n i . ,  is also 
described, although, its precise position within this subclass is uncertain.
T able 5.1 S tratigraphic distribution of the crustacean genera and species 
represented in the Manse Bum Formation.
D IN A N T IA N NAM URIAN WESTPHALIAN
T y r a n n o p h o n t e s  
T.  p a t t o n i
T e a l l i o c a r i s
T.  w o o d z v a r d i  
T.  e t h e r i d g i i  
T.  r o b us t a
—
C r a n g o p s i s
C .  e s k d a l e n s i s
P a l a e m y s i s  
P.  d u n l o p i
M i n i c a r i s
M .  b r a n d i
C y c l u s
C.  r a n k i n i
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Specimens described or figured here are held in the following repositories 
(abbreviations in parentheses): Hunterian Museum, Glasgow (HM); Royal 
Museum of Scotland, Edinburgh (RMS); Zoology Museum, Cambridge University 
(UCZ); British Geological Survey, Edinburgh (BGS); British M useum  of 
Natural History, London (BM).
5.1 History of research into British Carboniferous fossil crustaceans.
5.1.1 T y r a n n o p h o n t e s  p a t t o n i ( P e a c h  1908).
In 1882, Peach first described the species A n t h r a p a l a e m o n  p a r k i ,  from the 
G lencartho lm  locality, near Langholm , which he described w ith the 
Decapoda. A new genus, Pa laes qui l l a  p a t t o n i ,  which appeared in the fossil 
list appended  to the paper by Patton and Coutts (1885, p327), and also 
mentioned by Coutts (1888, pl73), was later (Peach 1908, p51) considered to be a 
n o m e n  n u d u m  and was redescribed as P er i mect uru s  pat toni .
Peach (1908) erected the Family Perim ecturidae to represent a group of 
crustaceans, interm ediate between Lophogastridae and the Anaspidae (Peach 
1908, p39), with characters which suggest squillid affinities (Peach 1908, p53). 
In 1908, Peach renam ed A .  parki  as P e r i m e c t u r u s  parki ,  and a num ber of new 
species and  subspecies of this genus w ere also described (P. p a r k i  
d u p l i c i c a r i n a t u s ,  P.  s t o c k i , . P .  e l e g a n s ,  P.  c o m m u n i s ,  P.  e n s i f e r ,  and P. 
p a t t o n i ) .
In 1962, Brooks established the Order Palaeostom atopoda to include the 
earliest fossil representatives of the hoplocarid precursors to the stomatopods. 
Schram (1979) synonymised the species of Per i me c t u ru s  into two, single species, 
genera and a species of uncertain affinities: P e r i m e c t u r u s  p a r k i , B a i r d o p s  
e l e g a n s , and ' P e r i m e c t u r u s '  pa t t on i .
The first tyrannophontid species to be described was from the Namurian Bear 
Gulch M ember of M ontana (Schram 1969, Factor and Feldmann 1985), T.
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ther id ion.  This genus was erected by Schram (1969) to include specimens which 
showed characters intermediate between palaeostomatopods and stomatopods. 
These characters included the specialization of anterior thoracic limbs into 
subchelae.
The palaeostom atopod specimens found in the Shrimp Member represent a 
species of T y r a n n o p h o n t e s  on the basis of the morphology of the tail fan and 
the thoracic limbs. Only three specimens are known from the Shrimp Member, 
but these show enough detail to distinguish them from P e r i m e c t u r u s  and 
B a i r d o p s .  Only two of these specimens were found during the course of this 
study, one from Bearsden (by Miss S. Aitcheson), and one from the Red Cleugh 
Bum (by Mr. P. McDonald). The third one was first described by Peach (1908) as 
P e r i m e c t u r u s  p a t t o n i .
5.1.2 Cr a n g o p s i s  eskdalens is  (Peach 1882).
A small crustacean, from the sediments at Ardross, was described by Salter in 
1861 (Brown 1861) as resem bling G a m p s o n y x ,  and was nam ed U r o n e c t e s  
( G a m p s o n y x )  social is .  In the same year, Salter (1861) redescribed this shrimp 
as P ala e o c r a n g o n  so c ia l i s , recognizing that it was not related to U r o n e c t e s  on 
the basis of the num ber of abdom inal segments. Salter (1863) found that 
P a l a e o c r a n g o n  was actually a small, previously described, Perm ian isopod 
and, therefore, had to renam e the new genus, C r a n g o p s i s .  In 1862, Huxley 
(p421) described a crustacean from a dark shale 36 fathoms (63.5m) above the 
Hurlet Coal, two miles (=3.2km) west of Paisley. He believed this shrim p to be 
a species of P y g o c e p h a l u s ,  although from his description and sketch, the 
shrim p is identical to what came to be known as Cr a n go p s i s .  The stratigraphic 
position of the dark shale, from which it came, is at the approxim ate horizon 
of the Shrimp M ember of the Manse Burn Form ation in the Paisley area 
(Schram 1979), which is =59m above the Hurlet Coal at Fulton, four miles 
(=6.4km) west of Paisley (Macnair 1915). W oodward (1868) recognised that 
this specim en did not represent any known species of P y g o c e p h a l u s  a n d  
suggested the new name P. h u x l ey i .  It was not until Peach (1908) revised the 
C arboniferous C rustacea that P. h u x l e y i  was recognised as a species of 
C r a n g o p s i s .
103
In 1882 and 1883, Peach described two new species of C r a n g o p s i s  which he 
m istakenly nam ed Pa l a e o c r a n g o n  e s k d a l e n s i s , and P. elegans .  This was later 
rectified in his monograph of Scottish Carboniferous Crustacea (1908) in which 
he described several other new species, C. co u t t s i ,  C. rhodesi ,  C . m a g n a , C .  
r o b u s t a ,  C.  m i n u t a ,  and C. hastata .  Peach (1908, p82) differentiated between 
two groups of C r a n g o p s i s  on the basis of the pleura of the second abdominal 
somite. On C. e s k d a l e n s i s ,  C. social is ,  and C. h u x l e y i ,  the pleura overlap 
those of the first and third, whereas, in the others the pleura do not. The latter 
group were later synonymised with A n t h r a c o p h a u s i a  by Brooks (1969). The 
specim ens of C r a n g o p s i s  c o u t t s i ,  of the g roup  synonym ised  w ith 
A n t h r a c o p h a u s i a  (Brooks 1969), were correctly assigned by Peach (1908, p76- 
78) to the genus Crangops is ,  and are reinstated as such in this study.
Schram (1979), in a major revision of the Carboniferous crustacean genera, 
placed C r a n g o p s i s  with the Hoplocarida on the basis of a similarity in the 
m o rp h o lo g y  w ith  A r a t i d e c t h e s  and  K a l l i d e c h t h e s . The view that 
C r a n g o p s i s  represented a hoplocarid was retained by Schram (1986) despite 
the lack of diagnostic features, such as the triflagellate antennules. The whole 
O rder A eschronectida needs to be fully revised as both C r a n g o p s i s  and 
P a l a e m y s i s  lack the triflagellate antennules and have a more m ysid-like 
morphology.
Schram  (1979) recognised two species of C r a n g o p s i s  which could be 
differentiated on the shape of the pleura of the abdominal somites. These two 
species correspond with two species belonging to the first group of C r a n g op s i s  
m orphologies originally described by Peach (1908), C. es k d a l e n s i s  and C. 
s o c i a l i s .  The only specimen of C. h u x l e y i  could not be located by Schram 
(1979, p42), although he suggested that it might represent a specimen of C. 
soci al i s .  On the basis of the original sketch by Huxley (1862, p421), however, 
it seems more likely that it is more closely allied to C. eskdalens is .
C r a n g o p s i s  s o c i a l i s  and W a t e r s t o n e l l a  g r a n t o n e n s i s  are very difficult to 
d ifferentiate between, as almost a complete range of m orphologies can be
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recognised resulting from preservational differences within the lithology in 
which they co-occur. A specimen of Crangops is  figured by Briggs and Clarkson 
(1983, plate 22 fig. 7) has the full complement of biramous thoracic limbs also 
recorded for W a t e r s t o n e l l a .  This, in conjunction w ith m orphom etric data, 
suggests that these two genera should be synonymised.
The species of Cr an gops i s  collected from the Manse Burn Formation is likely to 
be C r a n g o p s i s  e s kd a le ns i s .
5.1.3 P ala e m y s i s  d u n l o p i  Peach 1908.
The generic name, P a l a e m y s i s , was first used in a list to the fossils found from 
the Limekilns Q uarry and Kirktonholm Mines at East Kilbride (Patton and 
Coutts 1885, p327). Peach (1908) erected the new genus Palaemysi s  to contain a 
num ber of specimens of which only the last few segments of the abdomen and 
the tail fan were preserved. The tail fan of these specimens were similarly 
"forked", and Peach (p57) placed them in the same genus with reservations. 
These specimens were split into several species depending on the relative 
lengths and w idths of the various features of the tail fan. He recognised the 
three species, P. d u n l o p i  (from Greengairs, near Airdrie), P. c o u t t s i i from East 
Kilbride, near Glasgow), and P. t e n u i s i f r o m  Glencartholm, near Langholm), 
and designated P. d u n l o p i  as the type species (p60).
P a l a e m y s i s  was initially described as having affinities w ith the Mysida 
(Peach 1908, p57), although, Brooks (1962) decided that the evidence for this 
was not strong enough, and placed it in the O rder Eocarida. Brooks (1962) 
erected the Order Eocarida to include all fossil genera which have similarities 
w ith the Mysida, Euphausiacea, and the Decapoda, but which could not be 
confidently assigned to any one of these orders. In 1969, Brooks (pR342) 
synonym ised P a l a e m y s i s  with A n t h r a c o p h a u s i a  (Schram 1969), along with a 
num ber of Peach’s (1908) species of C r a n g o p s i s  (C. c o u t t s i ,  C. rhodesi ,  C .  
m a g n a ,  C. r obu s t a ,  C. m i n u t a ,  and C. hastata) .  It was not until Wood (1982) 
discovered complete specimens of a crustacean with the same tail fan as 
Peach's original genus P a l a e m y s i s ,  that a full description of the morphology 
and taxonomic position could be made.
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Despite the presence of complete specimens of A n t h r a c o p h a u s i a ,  which were 
figured by Peach (1908, plate 9) and Schram (1979, figs. 26-29), P a l a e m y s i s  
continued to be considered a synonym of A n t h r a c o p ha u s i a  (Briggs and Clarkson 
1983, C larkson 1985, Schram 1986). P a l a e m y s i s  is, here, reinstated as a 
separate  genus from  A n t h r a c o p h a u s i a  due to m ajor m orphological 
discrepancies betw een the two genera. Schram  (1986) suggested that 
A n t h r a c o p h a u s i a ,  which includes the P a l a e m y s i s  forms, may be related to 
the Euphausiacea. P a l a e m y s i s ,  however, has eight thoracopods, of which the 
anterior-m ost limb is m uch shorter, possibly representing a m axilliped, 
suggesting affinities more with the Mysida than with the Euphausiacea. As 
there is some difficulty in relating the fossil genera to extant orders, it is 
proposed that the O rder Eocarida should be preserved to include enigmatic 
crustaceans which have basic caridoid features, but which cannot be placed 
into extant orders with confidence.
A r a t i d e c t h e s ,  which has been classified as a hoplocarid may, in fact, be 
synonym ous w ith P ala e my s i s  based on the similarity between the figures of 
A r a t i d e c t h e s  produced by Schram (1969, figs. 124-128), P a l a e m y s i s  by Peach 
(1908, plate 8 figs. 12-14. 16-25), and the specimens described here. Further 
work will need to be done on the original specimens figured by Schram before 
this synonym y can be made, as the anterior spinose segm ented limb of 
P a l a e m y s i s  (W ood 1982, Schram 1986) has not yet been recorded on 
A r a t i d e c t h e s .
The species of P a l a e m y s i s  described here can not be adequately differentiated 
from  the type species, P. d u n l o p i ,  as the specimens of the P. d u n l o p i  are 
incomplete. The morphology and morphometries of the tail fan of P. du nl op i ,  
however, are similar, and the specimens from the Manse Bum Formation are 
therefore, identified as being of the same species.
5.1.4 Teal l iocaris  robus ta  Peach 1908.
Etheridge (1877, p .872) described a species of crustacean allied to the genus 
P a l a e m o n  from  the Lower C arboniferous near D unbar and called it
106
A n t h r a p a l a e m o n ? woodzvardi .  Etheridge later confirmed this designation in a 
redescription based on new specimens from new localities near New Castleton, 
Coldstream, and Duns (Etheridge 1879). In 1882, Peach (p76) described more 
species of A n t h r a p a l a e m o n  from Glencartholm, near Langholm, on which he 
noticed the pleura of the second abdominal somite overlapping those of the 
first and third. These specimens, however, including A .  w o o d w a r d i ,  differ 
from  other an thrapalaem onids which have undifferen tiated  abdom inal 
somites and a telson with distinct furcal lobes. Basing his analysis on shrimps 
from  o ther localities, Peach (1908) redescribed  A. w o o d w a r d i  and 
synonym ised it, together with similar shrim ps (Peach 1882, 1883), with his 
new  genus T e a l l i o c a r i s .  Peach identified six species of T e a l l i o c a r i s  ( T . 
l o u d o n e n s i s ,  T.  w o o d w a r d i , T. e t h e r i d g i i ,  T .  r o b u s t a ,  T.  f o r m o s a  and T .  
t a r r a s i a n a ) ,  and several subspecies. In 1957, Copeland described further 
species of Tea l l i ocari s  from the Upper Carboniferous of Canada which were 
later assigned to a new genus Pseudoteal l i ocari s  by Brooks (1962). Following 
the descrip tions by Brooks (1969) of P s e u d o t e a l l i o c a r i s ,  Schram  (1979) 
assig n ed  the Scottish  T .  r o b u s t a  and T.  e t h e r i d g i i  to the species 
P s e u d o t e a l l i o c a r i s  e t h e r i d g e i .  Schram  (1979) also synonym ised  T . 
l o u d o n e n s i s  Peach 1908 and T.  t a r r a s ia na  Peach 1908 with T. w o o d w a r d i .  
This view was supported by the recent redescription of T.  w o o d w a r d i  by Briggs 
and C larkson  (1985a) who p rov isionally  p laced  T e a l l i o c a r i s  in the 
W aterstonellidae follow ing the classification of the Eum alacostraca by 
Schram  (1981b). In 1986, Schram  placed T e a l l i o c a r i s  in the O rder 
Pygocephalomorpha which represents a fossil taxon closely related to both the 
Mysida and the Lophogastrida.
Wood (1982) initially suggested that the genus represented in the Manse Burn 
Formation was P seud o t ea l l i o car i s .  As a comparison, specimens of Te al l i oc ar i s  
and Ps eu d o t ea l l i o ca r i s  (s e n s u  Schram 1979) were studied in detail, with the 
result that the species P. e t her i dge i  of Schram (1979) is now reassigned to 
T e a l l i o c a r i s .  The species of Peach (1908) subsum ed by Schram w ithin P. 
e t h e r i d g e i  become freshly defined species, T. e t h e r i d g i i ,  and T. ro bus t a .  
Te al l i oc ar i s  w o o d w a r d i  (s e n s u  Schram) is recognised as a valid designation 
while the Canadian species assigned to P s e u d o t ea l l i o ca r i s  by Brooks, and the
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overall validity of that genus remain to be investigated.
The present reinterpretation of the morphology of Teal l iocar is ,  based on new 
and more perfectly preserved specimens has allowed the genus to be removed 
from the W aterstonellidae and allied to the Decapoda, and has thrown doubt 
upon the validity of Scottish members of the genus P s e u d o t e a l l i o c a r i s .  The 
species of Teal liocaris from the Shrimp Member of the Manse Burn Formation 
is identified as T.  robusta.
5.1.5 M i n i c a r i s  brandi  Schram 1979.
M i n i c a r i s  brandi  is a crustacean which belongs to one of the more interesting 
crustacean orders, the Syncarida. This order was first described from fossil 
material 45 years before the discovery of living representatives. It was in 1847 
that Jordan described the first syncarid crustacean,Ur one c te s  f i m b r i a t u s , but it 
was not until much later that it was recognised as representing a new crustacean 
taxon by Packard (1885, 1886). Packard named this new taxon, the Syncarida, 
which was soon added  to by other sim ilar fossil crustaceans, such as 
A c a n t h o t e l s o n  and P a l a e o c a r i s  (Schram 1986). In 1882, Peach recognised a 
Scottish syncarid species, Palaeocaris  scot ica ,  which he described as having 
undoubted  decapod characters. It was not until 1893 that the first living 
representative of this order, A n a s p i d e s  t a sm an i ae ,  was discovered (Thomson 
1893). In 1908, Peach described a fu rther species of P a l a e o c a r i s ,  P . 
l a n d s b o r o u g h ,  and redescribed P. sco t i ca  in the light of the discovery of 
A n a s p i d e s  t a s m a n i a e ,  placing them in the Family Anaspidae. The taxon 
Syncarida was elevated to the ordinal status in 1904 by Caiman, and Brooks 
(1962) separated the Palaeozoic taxa with his Order Palaeocaridacea. In 1984, 
the fossil Syncarida underwent another major revision by Schram resulting in 
three suborders being recognised within the Syncarida, the Bathynellacea, the 
Palaeocaridacea, and the Anaspidacea. These suborders are still recognised by 
Schram (1986) and and are used in this thesis for the classification of the 
syncarid from the Shrimp Member.
The species of syncarid from the Manse Burn Formation was first identified as 
? M i n i c a r i s  sp.  by Wood (1982). The original description of the genus M i n i c a r i s
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was based on a single, poorly preserved, specimen from a bore sample at Long 
Livingston (Schram 1979). Due to the similarity between the tail fan of the 
type specimen and those of the specimens from the Shrimp Member, it is likely 
that they represent the same species. Several new features of this fossil 
syncarid suggest that it may be closely related to Scjui ll i tes s p i n o s u s  from the 
Mississippian of Montana. There are, however, a number of differences which 
are considered to be generic, and the genus Mini cari s  is, here, retained.
The genus S q u i l l i t e s  was placed in a separate family from the other 
Palaeocaridacea due to the distinctive form of the appendages which can be 
favourably com pared w ith the extant A n a s p i d e s  t a s m a n i a e  (Schram and 
Schram  1974). M i n i c a r i s  b r a n d i  is, therefore, rem oved from the Family 
M inicarididae, and placed in the Family Squillitidae on the basis of the 
biram ous annulate, and setose, pleopods, the ornam entation of the thoracic 
tergites, and the presence of a broad rostrum on the cephalon.
5.1.6 Cy c l u s  ran k ini  W oodward 1868.
The genotype of C y c l u s  is C . r a d i a l i s ,  which was initially described as the 
species A g n o s t u s ?  r a d i a l i s iPhillips 1836). In 1842, De Koninck erected the 
genus C y c l u s  to include C. radial is after recognizing that this animal did not 
represent a species of A g n o s t u s .  This species is a representative of the convex 
forms of C y c l u s  which are found in limestones.
The first 'flat' form of C y c l u s - like arthropods was recognised by Von Meyer 
(1838), which he nam ed L i m u l u s  a g n o t u s .  This species eventually became 
know n as H a l i c y n e  a g n o t a  by Von Meyer in 1844, and C y c l u s  a g n o t a  by 
W oodw ard (1870). This species is now the genotype of H a l i c y n e  (Hopw ood 
1925). In 1868, W oodward described the first Scottish Carboniferous flattened 
form of C y c l u s ,  C. ran k i n i ,  from Carluke near Glasgow. A second Scottish 
species from Glencartholm , near Langholm, was later described by Peach 
(1883), C. te s tudo .  Despite the close similarity between the flattened forms of 
C y c l u s ,  and H a l i c y n e ,  they are clearly not of the same genus. H a l i c y n e  has 
several significant generic differences, such as the lack of a posterior 
indentation of the head shield and the lack of anterior subchelate limbs (Gall
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and Grauvogel 1967). Triimpy (1957) suggested that it may be necessary to erect 
a new genus to contain the flattened forms of Cy c l u s .  The differences between 
the flattened and highly convex forms of C y c l u s  may be due purely to 
taphonomy. The radial structures seen on the highly convex forms seems to 
correspond to the radial structures of the flatter forms.
Figure 5.1 The relative proportions of the thorax of a flat form of C y c l u s , C. 
ranki ni ,  and a more convex form, C. mart inens i s  Goldring 1967.Cm<aflfiuc^d'vXN^c< .^
2.0
■ C. rankini  R‘2=0.80 
O C. ma r t i ne ns i s  R~2=0.91
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The main differences between the two forms is that the phosphatised flatter 
forms sometimes preserve the thin head shield and limbs, and are found in 
com pacted shales, whereas, the convex carbonate forms, which are found in 
lim estones, do not. Due to the differences betw een the preservational 
environm ents of these forms, it is suggested that most of the differences 
identified by previous authors may in fact be taphonomically produced, rather 
than due to true morphological differences.
The affinities of C y c l u s  have baffled researchers and produced many varied 
in terpretations. Gill (1924) noted that there was a sim ilarity betw een the
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o n l y  s u p e r f i c i a l  a s  t h e r e  a r e  s u b s t a n t i a l  d i f f e r e n c e s .
The specimens of Cy c l us  from the Shrimp Member of the Manse Burn Formation 
could not be d iffe ren tia ted  from  C. r a n k i n i  and are thought to be 
representatives of this species.
5.2 Crustacean Biology.
5.2.1 Anatomy.
Throughout the m alacostracans m orphologies are broadly sim ilar and can 
therefore be dealt w ith generally. There are five cephalic and eight thoracic 
segments, or somites, which are fused together forming the cephalothorax. This 
is covered by a carapace in m ost m alacostracans although their are some 
exceptions, such as the Syncarida.
All the thoracic somites have paired appendages. Attached to the anterior- 
most, or cephalic somites, are the antennae, the antennules, the mandibles, the 
first m axillae, and  the second maxillae respectively. The eight thoracic 
somites also bear paired appendages, pereiopods or thoracopods, which can be 
variably m odified to perform  particular functions, such as in the Decapoda 
where the first three pereiopods, or maxillipeds, are modified to aid in the 
m anipulation of food in front of the mouth parts. All appendages consist of an 
inner branch, the endopod, and an outer branch, the exopod. Groups can be 
d iffe ren tia ted  in itially  on the basis of the num ber of m axillipeds (eg: 
Syncarida = no maxillipeds; Mysidacea = one to two maxillipeds; Decapoda = 
three m axillipeds (M oore and McCormick 1969)), a lthough this is more 
difficult in fossil material. The posterior six somites of the body constitute the 
abdom en, five of which bear paired biram ous appendages, the pleopods. The
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tail fan, which consists of a pair of biram ous plates, the uropods, and the 
telson, is attached to the sixth somite.
The body of crustaceans has many sites for chemo- and mechano-reception. The 
antennules are thought to be chemoreceptive over a distance from the animal 
(Phillips et  al. 1980), while the receptors in the mouth parts and legs respond 
on contact. M echanoreceptors help in the determ ination of vibration, limb 
position, and gravitational forces. They are positioned over most of the cuticle 
so as to respond to water currents or other stimuli.
In lobsters, the nervous system consists of an anterior cerebral ganglion that lies 
above the oesophagus, and is connected to the thoracic and abdominal trunk 
nerve by a pair of circum-oesophageal commissures. The chain of ganglia may 
be either elongated or concentrated. Two pairs of giant fibres, lateral and 
medial, run the length of the abdomen.
The circulatory system consists of a muscular heart, thin-walled arteries that 
carry blood away from the heart, and a series of irregular channels developed 
from the prim ary body cavity which carry the blood back to the heart. Not all 
crustaceans have hearts, however, and circulation, in this case, is provided by 
body m ovem ent or m uscular and gut contractions (McLaughlin 1982). The 
arteries eventually  branch into m uch sm aller vessels that open into tissue 
spaces. Posteriorly, the artery divides into the sternal artery and the posterior 
abdom inal artery. The ventral abdom inal artery  supplies the abdom inal 
m usculature and some of the pleopods. In the mysidaceans there are lateral 
arteries and a posterior artery which extend into the abdomen. The sternal 
artery branches out to the pereiopods and mouth parts. The abdominal artery 
supplies m uch of the abdom inal m usculature, appendages and the intestine. 
The somatic muscle fibres of crustaceans resemble those of vertebrates in that 
they are m ultinucleated and striated.
Most crustaceans respire by forcing water through the branchial cavity by the 
action of scaphognathites of the second maxillae. Some crustaceans, such as the 
Syncarida, have a simple epipodal gills. In the Stomatopoda the pleopods act
112
Openi ng  
o f  d u c t  of  
t e g u m e n t a l  
g l a n d
S e t a
Epicut ic le
P r i n c i p a l
l a y e r
N 'onca lc ified
M e m b r a n o u s
l a y e r
' E p i d e r m i sB a s e m e n t
m e m b r a n e
D u c t  o f
t e g u m e n t a l
g l a n d
T e g u m e n t a l  g l a n d
A  l y ' i K' r  a  I i /  t ‘(l v i e w  o f  ( l i e  ( r u s t . i c o . i n  c u t i c l e -
as the prim ary respiratory structures. W ater enters the cavity from the 
posterior margin of the carapace and between the coxae of the pereiopods, and 
exits anteriorly. Gills extend into the branchial cavity from the m axillipeds 
and pereiopods in most malacostracan groups. In environm ents of variable 
oxygen concentrations the crustaceans are able to regulate heart beat 
correspondingly and can therefore tolerate a wide range of concentrations.
Digestion in crustaceans is aided by the thick chitinous lining in the cardiac 
section of the foregut that is calcified in certain sections to form the gastric 
mill. Feeding in crustaceans is varied, and they have adapted to perform  a 
number of feeding modes. These include deposit feeding and scavenging, grazing, 
predation, parasitism, and filter feeding. Crustaceans do not adhere rigidly to 
any one category but may employ more than one feeding mechanism without 
having any particular structures, or behaviour pattern, usually associated with 
that m ode of feeding. The crayfish, O r c o n e c t e s  i m m u n i s ,for exam ple, 
supplem ents its, normally carnivorous mode by filter feeding, especially after 
ecdysis when it is less well protected from the environment (Grahame 1982).
5.2.2 The cuticle.
Three major subdivisions of the cuticle are recognised 1) the epicuticle - the 
thin outerm ost layer; 2) the exocuticle - also know n as the preecdysial 
procuticle; 3) and the endocuticle - also known as the postecdysial procuticle. 
Reabsorbtion of the endocuticle occurs during premoult. The cuticular exuviae 
consists of the exocuticle and the epicuticle.
The epicuticle may consist of more than two layers and the surface may show 
the outlines of the epidermal cells that secreted it (Drach 1939). On some thin 
cuticles, such as in a parasitic copepod and a cladoceran, no epicuticle is visible 
(Stevenson 1980). Calcium salt crystal aggregates occur in the epicuticle in flat 
radiating plaques and in vertical columns.
The procuticle appears to consist of fibrous laminae parallel to the surface. The 
fibrils appear to connect these laminae by parabolic arcs. Bouligand (1965) 
proposed that the fibrils are arranged helicoidally. The helicoid model was
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subsequently disputed by Dennell (1973) who found that laminae were discrete 
and separable sheets as opposed to being artifacts as the helicoid model would 
imply.
The exocuticle usually  has sm aller lam inar spacing than in the outer 
endocuticle. This portion of the procuticle is secreted at prem oult and resists 
d igestion  by m oulting fluids. The exocuticle and the epicuticle are the 
components of the exuviae and are most commonly found preserved as fossils.
The endocuticle constitutes the largest portion of the procuticle in most 
crustaceans but is reabsorbed during premoult. There are two recognizable layers 
in the endocuticle, 1) the outer calcified principal layer, and 2) the inner 
uncalcified membranous layer (Drach 1939).
5.2.3 Moulting and growth.
As with other arthropods, crustaceans shed their cuticle and form new cuticle 
by a process called ecdysis. Pronounced biochemical changes occur during the 
m oult cycle which result in the absorption of the endocuticle and the formation 
of an ecdysial m embrane (Travis 1954, 1955, 1957). The ecdysial membrane is 
shed along with the exocuticle and the epicuticle (Stevenson 1980). The study 
of the cuticular changes which occur during the moult cycle may be important in 
recognizing various moult stages in the fossil crustacean.
The prim ary m ethod by which crustaceans harden their cuticle is by the 
deposition of calcium salts. The principal salts responsible are CaCC>3 and 
C a3 (P0 4 ) 2  which are deposited as calcite and hydroxyapatite (Neville 1975). 
The distribution of these salts within the cuticle may give an indication of the 
habits and habitat of the anim al (Mills et al. 1976). In the crayfish the 
concentration of calcium in the cuticle decreases with age in E n g a e u s  fo ssor ,  
while in G e o c h a ra x  fa lc a ta  the concentration rem ains constant through life. 
This difference is attributed to the burrow ing habits of these crustaceans and 
the need for protection from the environment. The extent of calcification of the 
various parts of the crustaceans depends on which parts are considered more 
im portan t to the crustacean especially in low calcium waters (Mills et al.
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1976). The calcium salts fill the spaces between the chitin fibrils which would 
have otherwise been filled with protein.
Grow th in arthropods occurs at ecdysis. Under good conditions, it has been 
suggested that a typical arthropod can double its weight and increase its linear 
size by 1.26 times. It is more likely, however, that an arthropod will not 
increase in size at a constant rate at each ecdysis (Aiken 1973, 1980). Size 
increase of juveniles is greater than that of adults in some crustaceans at least 
(Mauchline 1977). The different stages of ecdysis can be recognised in the living 
anim al by the rigidity of certain parts of the cuticle. Three stages can be 
clearly identified on this basis: metecdysis; anecdysis; and proecdysis.
M etecdysis (stages A, B and C) occurs im m ediately after ecdysis and is 
characterized by the m ineralization of the exocuticle and the secretion of the 
endocuticle. The pleopods of lobsters during metecdysis appear striated due to 
rows of large cells.
Anecdysis (late stage C) is characterized by the completion of the membranous 
layer and the storage of organic reserves in the midgut gland and muscle for an 
extended period of time. The pleopods have a normal appearance.
Proecdysis (stages Dq_^  and E) marks the start of a new period before ecdysis 
which occurs in the active phase of stage E. During stage D , the pleopods show 
cuticular ripples due to the reabsorption of the endocuticle. The new epicuticle 
and exocuticle are formed during the period of proecdysis.
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Table 5.2 Summary m oult cycle o i H o m a r u s  (based on Aiken 1973, Table 1, p94).
Stage General Characteristics Duration (%)
A Integument soft, mouthparts and tips 1.4
of pereiopods hard; able to eat exuviae.
B Integument flexible; secretion of new 2.0
endocuticle begins.
C carapace rigid posterodorsally to rostrum 52.6
becoming rigid elsewhere towards end of stage
Dq.-l Passive anecdysis becoming proecdysis with >35
the retraction of the epidermis from the cuticle 
and the formation of new epicuticle.
^2-3 New exocuticle is formed and extensive 16.0
reabsorption of minerals from the 
exoskeleton.
E Passive phase: increased water absorption;
ecdysial sutures open but thoraco-abdominal 
membrane intact.
A c t iv e  phase: thoraco-abdominal membrane 
ruptures; carapace is thrown forward as animal 
emerges.
53  C rustacean Phylogeny.
5.3.1 The prim itive m alacostracan crustacean.
C rustacea w ere thought, until recently, to have evolved from  a soft bodied 
segm ented arth ropod  sim ilar in form  to some of those found in the M iddle 
C am brian Burgess Shale of British Columbia (Briggs 1983). At this early stage 
in their developm ent, only two extant crustacean subclasses are represented, the 
Phyllocarida and the Ostracoda, am ongst a num ber of extinct taxa, of w hich 
the on ly  recognizable crustacean is the b ivalve phy llocarid  C a n a d a s p i s .  
There are also a num ber of o ther b ivalved crustaceans w hich bear som e
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resem blance to the Branchiura, although probably unrelated (Briggs 1983). As 
these were the earliest preserved crustacean rem ains, it was thought that the 
ce p h a lo ca rid s  cou ld  have  re p re sen te d  the like ly  an c es to r of the 
m alacostracans.
The m ost prim itive crustacean is now thought to have been sim ilar in form to 
the C arb o n ife ro u s to Recent g ro u p , R em iped ia, ra th e r th an  to the 
cephalocarids (Cisne 1982, H essler et al. 1982, Schram  1983a, 1986, Briggs 
1983). The form of the prim itive crustacean limb has been the subject of m uch 
discussion and the theories centre around a polyram ous and foliaceous form, as 
in the C ephalocarida , or a b iram o u s p ad d le , as in the R em ipedia. A 
prelim inary study involving all know n crustacean groups supports the biram ous 
rem ipedian limb as being prim itive (Schram 1986).
B urkenroad 's (1963) suggestion that the Eucarida m ay have evolved from  a 
prim itive eum alacostracan shrim p is now  generally accepted (Schram 1986). 
H ow ever, his suggestion that the D ecapoda differentiated from  the Eucarida 
in the Perm ian has since been show n to be false due to the d iscovery and 
redescrip tion  of C arboniferous decapods (Schram  e t  a l 1978, Schram  and  
M apes 1984).
5.3.2 H igher classification of crustacean taxa.
The classification of the Crustacea is intim ately  related to their phylogeny 
and should  be based on an accepted phylogenetic scheme. M uch of the latest 
d iscussion  on the classification of the C rustacea has cen tred  a ro u n d  the 
acceptance or rejection of the caridoid facies as a taxonom ically valid set of 
characters (Hessler 1983, Schram 1983b, 1984, 1986). The caridoid facies are not 
thought to be acceptable, despite the subjectivity involved in the recognition of 
apom orphies, as there are a num ber of inherent convergences (Schram 1984).
A nother problem  arises w hen dealing w ith fossil Crustacea as, not only are the 
soft internal body tissues rarely preserved, but, the hard  parts, such as limbs, 
also have a lim ited preservation potential (Schram 1982, see C hapter 4). This 
results in a classification of fossil Crustacea based alm ost entirely on external
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m orphologies. Their re la tionsh ip  to ex tan t taxa, w hich is im p o rtan t to 
phylogenetic interpretations, is lim ited to the recognition of sim ilar external 
m orphologies, and any inferred soft tissue d istribution . This decreases the 
confidence w ith w hich fossil taxa m ay be placed w ith extant taxa, although, 
taxonom ic affilia tions m ay be p roposed  w here there are overw helm ing  
m orphological sim ilarities (M cLaughlin 1980).
The problem  of identify ing w hich characters are im portan t to the various 
taxonom ic levels and which characters are environm entally  induced  can be 
solved by  identifying a num ber of characters which are common to a num ber of 
taxa and  assessing the degree of conservatism  they exhibit betw een taxa. 
C rustaceans are m ostly sim ilar in basic body plan w ith the exception of the 
Cirrepedia and various parasitic groups. Am ongst free living taxa it is possible 
to d iffe ren tiate  betw een d ifferen t taxa on the basis of the n a tu re  of the 
carapace, the n um ber of body  som ites, and  the tagm ata  of the body  
(M cLaughlin e t  al. 1982). At progressively subordinate levels, arm ature  and 
ornam entation m ay become m ore im portant in differentiating taxa. In practice, 
m any carcinologists rely on gross m orphological structures as well as on the 
m o u th  p arts , sexual specia lization , an d  co lou r p a tte rn s  as d iagnostic  
characters. It is also im portant to note that there m ay be a significant am ount 
of intraspecific variation, w hich should  be recorded in the d iagnosis of any 
tax a .
Conservative diagnostic characters are im portan t to any diagnosis, so as to 
determ ine the interrelationship  betw een taxa (M cLaughlin e t  al. 1982). These 
characters m ay be highly subjective and m ust be regarded sceptically. More 
objective m ethods of taxonom ic d ifferen tiation  are available, such as the 
app lication  of the num erical taxonom y, a lthough  this is th o u g h t to have 
lim ited application to crustacean studies (M cLaughlin e t  al. 1982).
The m ost recent classification of C rustacea offered by Schram  (1986), uses 
cladistic analysis to produce the m ost parsim onious classification based on 
apom orphic characters. M any of the apom orphic characters used by Schram 
are, how ever, im possible to resolve in m ost fossil m aterial due to their poor
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preservation potential. This reduces the num ber of characters which can be used 
in the classification of the fossil m aterial from the Carboniferous.
The classification, below, proposed by Schram (1986), is thought to be broadly 
acceptable to the level of infraorder ( |  = fossil taxa only).
Phylum Crustacea Pennant, 1777
Class Malacostraca Latreille, 1806
Subclass Hoplocarida Caiman, 1904
Order Aeschronectida X Schram, 1969 
Order Palaeostomatopoda % Brooks, 1962 
Order Stomatopoda Latreille, 1817
Suborder Archaeostomatopodea 1 Schram, 1969 
Suborder Unipeltata Latreille, 1825 
Subclass Eumalacostraca Grobben, 1892 
Order Syncarida Packard, 1885
Suborder Bathynellacea Chappuis, 1915 
Suborder Anaspidacea Caiman, 1904 
Suborder Palaeocaridacea X Brooks, 1962 
Order Belotelsonidea ^ Schram, 1981 
Order Euphausiacea Dana, 1852 
Order Amphionidacea Williamson, 1973 
Order Decapoda Latreille, 1803
Suborder Dendrobranchiata Bate, 1888 
Suborder Eukyphida Boas, 1880
Infraorder Procarididea Felgenhauer and Abele, 
1983
Infraorder Caridea Dana, 1852 
Suborder Euzygida Burkenroad, 1981
Infraorder Stenopodidea Huxley, 1879 
Infraorder Uncinidea X Beurlen, 1930 
Suborder Reptantia Boas, 1880 
Order Eocarida Brooks, 1962 
Order Mysida Boas, 1883 
Order Lophogastrida Boas, 1883 
Order Pygocephalomorpha X Beurlen, 1930
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Order Mictacea Bowman et al., 1985 
Order Edriophthalma Leach, 1815
Suborder Isopoda Latreille, 1817 
Suborder Amphipoda Latreille, 1816 
Order Thermosbaenacea Monod, 1927 
Order Hemicaridea Schram, 1981
Suborder Cumacea Kroyer, 1846 
Suborder Tanaidacea Dana, 1853
Infraorder Anthracocaridomorpha X Sieg, 1980 
Infraorder Apseudomorpha Sieg, 1980 
Infraorder Neotanoidomorpha Sieg, 1980 
Infraorder Tanaidomorpha Sieg, 1980 
Suborder Spelaeogriphacea Gordon, 1957
Class Maxillipoda Dahl, 1956
Subclass Tantulocarida Boxshall and Lincoln, 1983
Order Tantulocaridida Boxhall and Lincoln, 1983 
Subclass Branchiura Thorell, 1864
Order Arguloida Rafinesque, 1815 
?Order Pentastomida Rudolphi, 1819 
Subclass Mystacocarida Pennak and Zinn, 1943
Order Mystacocaridida Pennak and Zinn, 1943 
Subclass Ostracoda Latreille, 1806
Order Bradoriida X Mathew, 1902 
Order Phosphatocopida X Muller, 1964 
Order Leperditicopida ^ Scott, 1961 
Order Palaeocopida Henningsmoen, 1953 
Order Myodocopida Sars, 1866 
Order Podocopida Sars, 1866 
Subclass Copepoda Milne-Edwards, 1840 
Order Calanoida Sars, 1903 
Order Misophrioida Gurney, 1933 
Order Harpacticoida Sars, 1903 
Order Mormonilloida Boxhall, 1979 
Order Siphonostomatoida Thorell, 1859 
Order Monstrilloida Sars, 1903 
Order Cyclopoida Burmeister, 1834
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Order Poecilostomatoida Thorell, 1859 
Subclass Thecostraca Gruvel, 1905
Order Facetotecta Grygier, 1984 
Order Rhizocephala Muller, 1862 
Order Ascothoracida Lacaze-Duthiers, 1880 
Order Cirripedia Burmeister, 1834
Infraorder Acrothoracica Gruvel, 1905 
Infraorder Thoracica Darwin, 1854
To fu rther analyse the above classification w ith respect to the fossil genera 
from the Carboniferous, it is necessary to recognise which gross m orphological 
characters are preserved in the fossils, and w hich groups of these characters 
can be used to distinguish between ordinal level groupings.
5.3.3 Developm ent of malacostracan caridoid and hoploid m orphologies.
Two basic m orphologies have been recognised in m alacostracans; the caridoid 
facies of C aim an (1909) and  the hop lo id  facies of Schram  (1983a). The 
characteristics of the caridoid facies include;
1) a carapace enveloping the thoracic region,
2) m ovable stalked eyes,
3) biram ous first antenna,
4) natatory exopods on the thoracic limbs,
5) an elongate, ventrally flexible abdom en,
6) a tail fan of lam ellar uropods on either side of a telson, 
to w hich Hessler (1983) added;
7) com plex and m assive abdom inal m usculature serving strong
ventral flexion,
8) internal organs mainly excluded from the abdom en,
9) pleopods I-V similar, biram ous, and natatory,
The hoploid facies presented by Schram (1983a) includes;
1) triram ous antennules,
2) an antennal scale of two joints,
3) thoracopods w ith three segm ent pro topod, and four segm ent
endopod,
4) an abdom en w ith distinct ("quasi-caridoid") m usculature,
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5) pleopod gills dendrobranchiate,
6) possible fusion of the anterior somite to achieve a six-segment
from a seven segment abdomen.
The occurrence of the external caridoid features in the earliest eum alacostracan 
fossils supports the concept of a caridoid facies as being the archaetypical 
state. The A naspidacea are included as caridoid despite the lack of a carapace, 
as they have m ost of the necessary characters including the escape reaction 
(Hessler 1983).
The reason why, and how, the crustaceans developed caridoid features plays 
an im portant part in the study of crustacean phylogeny. Towards the end of the 
D evonian, the first crustaceans exhibiting  a full com plem ent of caridoid  
features em erged, and as early as the Lower Carboniferous there were m any of 
non-caridoid  m orphologies w hich developed, such as the tanaids (H essler
1983). Due to the preservation potential of the crustaceans (see C hapter 4), 
m uch of the im portant details of the early evolution of the Eum alacostraca and 
H oplocarida m ay not be preserved (Hessler 1983). The m ost obvious advantage 
of the developm ent of the caridoid abdom en is the caridoid escape reaction 
which involves the rap id  ventral flexion of the abdom en to produce vertical 
lift and  backw ards m otion. A nother advantage of the caridoid features is in 
the increased m aneuverability provided by the tail fan and  the antennal scale. 
The prim itive eum alacostracans m ay have used the tail fan for steering while 
swim m ing, a function for which it is sometimes used in extant H oplocarida and 
Eum alacostraca (Hessler 1983). The apparen t rap id  explosion of crustaceans 
w ith caridoid and hoploid features testifies to the success of the developm ent 
of these characteristics. The w ide variety  of form s w ith  variably developed 
carido id  and  hoploid  features w ith in  the sam e basic body plan, resu lting  
probably  from  a response to functional specialization, is p robably  another 
reason for the success of the M alacostraca (Hessler 1983). The reason for the 
developm ent of the caridoid escape reaction m ay have been, in part, due to a 
response to the developm ent of the crossopterygians (Dahl 1983).
The loss of the seventh abdom inal somite is thought to be due to the fusion of
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the seventh  abdom inal som ite w ith that of the sixth. This w ould  have 
facilitated the developm ent of the tail fan by bringing the p leopods of the 
sixth abdom inal somite closer to the telson to form the uropods of the tail fan 
(Hessler 1983). In the em bryonic stages of H e m i m y s i s ,  a seventh abdom inal 
somite which fuses in the adult stages has been recorded (M anton 1928). In the 
Lophogastridae a groove across the sixth abdom inal somite is also thought to 
represent the rem nants of the seventh somite (M anton 1928).
Hoplocarids pose another central problem  in the phylogenetic interpretation of 
the Malacostraca as they possess m any of the caridoid features, but do not have 
a fully caridoid abdom inal m usculature. The relative im portance placed on 
this by various au thors resu lted  in the H oplocarida being either classified 
w ithin the Eum alacostraca (s e n s u  Schram 1986), or as a separate subclass. The 
arg u m en ts  for re ta in in g  them  w ith in  the E um alacostraca are th a t the 
H oplocarida represent an  evolving caridoid condition, and the fusion of the 
abdom inal som ites to form  six segm ents occurred posteriorly  ra ther than 
an terio rly  (H essler 1983). The argum en ts against th is are based  on the 
acceptance of a d ifferent set of characters, the hoploid  facies, and  that the 
fusion of the abdom inal somites to leave six segm ents occurred in the anterior 
portion of the abdom en (Schram 1969,1973,1983a, Hessler 1983, Kunze 1983).
The caridoid facies has lim ited use in classification as sim ilarities of form  are 
m eaningless w ithout a firm understanding of the functional developm ent of the 
anim al in question. The recognition of these facies is highly subjective, and a 
m ore objective cladistic m ethod has been used to help resolve the phylogenetic 
d istance betw een the H oplocarida and  o ther m alacostracan taxa (Schram
1986). The technique of assigning plesiom orphy and  apom orphy  to various 
characters, how ever, is also highly  subjective, and  only  synapom orphous 
charac ters shou ld  be used in phylogenetic analysis (Schram  1986). The 
recognition of convergence is, therefore, dependent on the initial definition of 
apom orphy. The uncertainty of phylogenetic analysis m ay be reduced  by the 
app lication  of B a u p l d n e , or m orphotypes, w ith an  u n d ers tan d in g  of their 
function (Schram 1983a). The application of a cladistic approach dem ands that 
the accepted hypothesis contains the least num ber of convergences (Schram
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1984). If the carapace is taken to be a derived  character (Dahl 1983), for 
example, more convergences have to be accepted than if the carapace is taken to 
be prim itive (Schram 1984). The acceptance of the caridoid  facies (s e n s u  
Hessler 1983) also introduces a greater num ber of convergences, which suggests 
that it is more plausible to accept the separation of the H oplocarida from the 
Eum alacostraca (Schram 1984). However, Schram (1986; p541) indicated that 
Hessler (1983) did, in fact, produce a sim ilar phylogeny despite the different 
approach, although the taxonomic hierarchy was different.
5.4 The classification of Carboniferous crustaceans from Great Britain.
Most of the Carboniferous crustacean genera are easily distinguishable on the 
basis of gross morphological differences, such as the shape of the carapace, the 
abdom en, and the tail fan, and the presence or absence of various features, such 
as the carapace. The relative lengths of the abdom inal tergites, the shapes of 
the p leura, the shapes of the telson and  the uropods, the scu lp turing  of the 
carapace, the relative length of the rostrum , and the form  of the lim bs also 
help to further differentiate between groupings.
The re la tionsh ip  betw een  fossil genera and  ord inal level classifications is 
sometimes problematic, when only a few characters are used, as convergences of 
apom orphic characters could result in false relationships being constructed. The 
problem  of applying characters used in the classification of extant taxa is that 
m any of these characters are not p reserved  in  the fossil specim ens, and 
therefore only in ferred  to exist. It is, therefore, necessary  to construct a 
classification, w hich can be used w ith a certain am ount of confidence, for fossil 
genera. The characters used in th is classification can then  be com pared  
generally  to their p resence in ex tan t taxa. To accept any  classification 
form ulated in this way, it is im portant to consider g roups of synapom orphic 
charac ters  as non-convergen t, desp ite  the possib ility  of convergence of 
in d iv id u a l characters. In o ther w ords, the m ore charac ters  a p a rticu la r 
crustacean has in com m on w ith another, the m ore likely it is that they are 
closely related, and the less likely it is due to convergence. On the basis of this
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asse rtion , it is possib le to recognise several crustacean  g ro u p s in the 
Carboniferous which may represent antecedents to extant taxa.
The classification presented here is based on previously published diagnoses 
and descriptions, as well as new data, of eighteen British Carboniferous genera. 
The new  data comes from the study  of the crustacean genera, T e a l l i o c a r i s ,  
P a l a e m y s i s ,  C r a n g o p s i s ,  T y r a n n o p h o n t e s ,  M i n i c a r i s ,  and  C y c l u s ,  w hich 
are described m ore fully in later sections of this chapter. W hether a character 
is apom orphic or plesiomorphic, is not bought to be im portant in an analysis of 
the classification of the fossil C rustacea. The im p o rtan t fea tu re  of this 
classification, is that groups of characters are as close to being conservative, 
w ithin each crow n grouping, as possible. For this reason, the extant O rders 
Syncarida, Decapoda, Euphausiacea, M ysida, Stom atopoda, and Tanaidacea, 
include all possib le m orphologies represen ted  w ith in  the context of the 
preservable characters used for the classification of the fossil genera. The data 
was analysed using the com puter program  M acClade (version 2.1, w ritten  by 
W ayne M addison, W. P. and D. R. M addison, 1987, H arvard University).
5.4.1 The classification of the m alacostracan taxa.
The difficulty in recognizing m orphological convergence in the M alacostraca is 
pa rtly  a function  of a p articu la r au th o rs  ability  to recognise p articu la r 
features. Evidence for features such as thoracic brood pouches, or maxillipeds, 
are  m ostly  equ ivocal an d  have to be trea ted  ca refu lly . The O rd e r 
Pygocephalom orpha, for example, is diagnosed as having a brood pouch and 
described as having two m axillipeds, and, therefore, carQnot be classified w ith 
the Decapoda. On a purely gross m orphological basis, however, it appears that 
the pygocephalom orphs have m uch in com m on w ith the decapods and  m ay 
rep resen t ancestral forms of the latter. T e a l l i o c a r i s  is particu larly  in teresting 
as it has a suite of characters which place it even closer to the decapods. This 
assum es that the "oostegites" described by Brooks (1969), and Schram (1979), 
are in fact ep ipods, as w as suggested by Briggs and C larkson (1985a). The 
num ber of "walking" lim bs in T e a l l i o c a r i s  is also in terpretative, as only five 
limbs ever seem  to extend beyond the lateral m argins of the carapace (Schram 
1979, fig. 33). The anterior three thoracic limbs could be m axillipeds, although,
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the second and third limbs do not appear to be m orphologicaly different from 
the posterior five, but are shorter and anteriorly  directed. A lthough their 
function carfViot be determ ined in the fossil, these limbs can be speculatively 
com pared w ith m axillipeds of some extant decapods.
The classification of the C arboniferous crustacean genera presented here is 
based on the following characters;
1. tail-fan m orphology: delto id , rectangular, or subrectangular; open
(without uropodal membranes).
2. telson m orphology: triangular or subrectangular; complex (w ith furcal
lobes).
3. 6th abdom inal somite: longest somite; not longest somite.
4. 3rd abdom inal somite: enlarged; not enlarged.
5. p leura of 2nd abdom inal somite: rounded  (overlap of 1st and 3rd);
und ifferen tiated .
6. 1st abdom inal somite: shortest; not shortest.
7. pleopods: plates; flagellar.
8. carapace: present; absent.
9. shape of cervical groove: II; V; absent.
10. rostrum: present; absent or reduced.
11. anterior thoracopods: maxillipeds; no m axillipeds.
12. subchelate thoracopods: none; some.
13. thoracopod m orphology: "walking" stenopods; flagellar.
14. epipods: large; absent or greatly reduced.
15. carapace: covers thorax; thoracic tergites visible.
16. antennules: 3 flagella; 2 flagella.
17. antennae: 2 flagella; single flagella.
18. thoracopods chelate: none; some.
19. seminal receptacle: present; absent.
20. num ber of "walking" limbs: <5; 5; 6; 7; 8.
The resulting  m ost parsim onious clade which is produced from  an analysis of 
the above m entioned m orphological characters, identifies five m ajor crown
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groups which broadly correspond to extant orders of the M alacostraca. The 
different recognised m orphologies within these orders were com pared with the 
data from the fossil genera and were found to group in the following manner;
Figure 5.2 C ladogram  show ing the possible relationsh ips betw een Scottish 
fossil genera (those represented in the Manse Burn Form ation in bold).
SYNCARIDA
Pleurocaris
Praenaspides
Palaeocaris
M inicaris
DECAPODA T ealliocaris
Pseudogalathea
PYGOCEPHALOMORPHA
Pygocephalus
A nthracaris
EUPHAUSIACEA
MYSIDA 
A nthracophausia  
EOCARIDA Palaem ysis
Joanellia
K a llid ec th es
W aterstonella
Crangopsis
Belotelson
B airdops ^
PALAEOSTOMATOPODA %
Perimecturus w
STOMATOPODA Tyrannophontes *
TANAIDACEA A nthracocaris "
The characters p reserved  in some fossil genera suggest affinities w ith the 
Decapoda, the Euphausiacea, the Pygocephalom orpha and the M ysida. These 
genera are, therefore, classified together in a single crown group, the Eocarida.
T e a l l i o c a r i s ,  how ever, is though t to rep resen t a close ancesto r to the 
Decapoda, as it does not show any morphological differences to the total group
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m orphologies of this order. The Pygocephalom orpha and  the Euphausiacea 
m ay also be d istantly  related to each other, and also to the D ecapoda. The 
M ysida are not far removed from the basic m orphological plan of the Eocarida 
crown group, although, where the genera are distinctly mysid, they have been 
placed w ithin this separate order.
The lam ellae of T ea l l ioca r is  were described by Briggs and C larkson (1985a, 
p l86) as being in the position of a pereiopodal ep ipod  which w ould not be 
hom ologous w ith oostegites as previously  indicated  by Schram  (1979). The 
presence of oostegites were also used as evidence for affinities w ith the O rder 
Podophthalm ia by Peach (1908, p20), the M ysidacea by Schram  (1979), and 
the O rder Pygocephalom orpha by Brooks (1962). Epipods are com m on am ongst 
a num ber of crustacean taxa including the Decapoda. The lam ellae m ay be 
hom ologous to the pereiopodal epipods of m any other extant Crustacea such as 
the syncarid  A n a s p i d e s  t a s m a n i a e  o r the euky p h id  P r o c a r i s  a s c e n s i o n i s  
(Schram 1986, p76, p256).
The la te ra lly  ex p an d in g  p leu ra  of the second ab d o m in a l som ite , in 
T e a l l i o c a r i s ,  is a com m on featu re  of eu k y p h id an  d ecap o d s  such  as 
S t y l o d a c t y l u s  a m a r y n t h i s  (Schram  1986, p261). The large th ird  abdom inal 
tergite extending to partially  overlap the fourth is also com m on am ongst the 
E ukyphida and  can be seen in S. a m a r y n t h i s  and also P r o c a r i s  a s c e n s i o n i s .  
The term inal lobe or m em brane of the telson on T e a l l io c a r i s ,  is sim ilar to that 
of A s t a c u s  n o b i l i s  (Huxley, 1880, p233), although  the m edian  and lateral 
ridges of the telson of T ea ll iocaris  extend over the m em brane.
The m o d em  decapod, P r o c a r i s ,  has the m ost characters in com m on w ith 
T e a l l i o c a r i s .  It is surprisingly sim ilar in term s of limb m orphology and body 
p lan , a lth o u g h  the scu lp tu rin g  of the in teg u m en t is m ore in ten se  in 
T e a l l i o c a r i s .  P r o c a r i s  was first discovered in 1972 in H aw aii (H olthuis 1973) 
and Ascension Island (Chace and M anning 1972) and has since stim ulated much 
interest am ongst carcinologists. More recent discoveries of species belonging to 
this superfam ily  have been m ade in Berm uda (H art and M anning 1986) and 
H aw aii (K ensley and  W illiam s 1986). Chace and  M anning  (1972, p!4)
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suggested that Procaris is the most prim itive of living decapods and produced 
a diagnosis for P r o c a r is  (Chace and M anning 1972, p l3 ) which could easily 
app ly  for the generic description of T e a l l i o c a r i s .  There are m any characters 
com m on to both  T e a l l i o c a r i s  and P r o c a r i s ,  such as the achelate pereiopods, 
long annular pereiopodal exopods, large epipods, and the shape of the pleura 
of the second abdominal somite.
The num ber of sim ilarities betw een the T e a l l i o c a r i s  and P r o c a r i s ,  suggests 
that convergence is unlikely. A lthough it is possible that some of the gross 
m orphological sim ilarities betw een  these genera could be as a re su lt of 
convergence, it m ust be considered  m ore likely th a t the overw helm ing  
similarities are due to them  belonging to the same crustacean group.
A n o th er cru stacean  w hich  has m any  sim ilarities  w ith  ex tan t taxa is 
T y r a n n o p h o n t e s .  T y r a n n o p h o n t e s ,  is thought to be a stom atopod ra ther than 
a pa laeo sto m ato p o d  d u e  to the specia lization  of the th o raco p o d s in to  
subchelate an terior lim bs and  blade-like posterior lim bs, and  the carapace 
w hich  ex tends dorsally  only as far as the sixth thoracic tergite. In the 
palaeostom atopods this is thought not to be the case (Schram 1969).
5.4.2 The systematic position of C y c lu s .
As has already been discussed in section 5.1.6, there have been m any suggestions 
as to the affinities of C y c l u s .  The m ost likely, and m ost generally  accepted 
position  of C y c l u s ,  is e ither w ith  the C opepoda or w ith  the B ranchiura, 
which are both subclasses of the Class M axillipoda (Glaessner 1969). In this 
section a num ber of morphological characters have been chosen in an attem pt to 
determ ine the m ost likely systematic position of C y c lu s  based on new  evidence 
ob ta ined  from  a study  of the specim ens collected from  the M anse Burn 
Formation. These characters include:
1. A ntenna: two flagella; one flagella;
2. H ead shield w ith carapace: present; absent;
3. Subchelate limbs: 0; 1; 2;
4. 'walking' limbs: 4; 5; 0;
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5. Abdominal somites: 5; unsegmented;
6. Tail fan: caudal furca; cleft abdomen;
7. Antennules: short; long;
8. Antennules: 10 or less articles; greater than ten articles;
9. Sixth thoracopod in male: m odified sex organ, no t sex organ or
short/absen t;
10. Body form: elongate; ovate; highly modified;
11. A daptation: mostly free living; m odified parasitic;
12. Maxillules: developed as suckers; not suckers;
13. Body flexure betw een the 6th thoracic somite and the first abdom inal:
yes; no;
It w as found that C y c l u s  could be easily classified w ith the less m odified 
copepods, such as the Calanoida and the M isophrioida.
F igure 5.3 C ladogram  show ing the possible re la tionsh ips betw een  ex tan t 
copepods and branchiurans in relation to C y c lu s  (in bold).
BRANCHIURA A rg u lo id a^
M orm onillo ida^
M o n strillo id a^
Poecilostom atoida f
S ip h o n o sto m ato id a^
COPEPODA M iso p h rio id a ^  
Cyclus _ 
C alano ida_
C y c lo p o id a^
H arp ac tico id a  ^
As w as the case w ith the classification of the m alacostracans, som e of the 
characters used in this classification are ubiquitous w ithin the Copepoda, and 
som e com m on to both the C opepoda and the Branchiura, such as the single 
flagella of the antennae. As the M isophrioida still have a carapace fold on 
the m axillipedal segm ent, it is likely that C y c l u s  is m ore closely related to
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this order than the other copepod orders. The system atic position of C y c l u s  is 
w ith the C opepoda and, a lthough affinities w ith the O rders M isophrioida 
and Calanoida can be shown, there is not sufficient evidence to assign C y c l u s  to 
any extant order. Gall and Grauvogel (1967) suggested the use of a separate 
Subclass H alicyna to include the Fam ilies C yclidae, H em itrochisc idae, 
M esoprosoponidae and Halicynae. As C y c l u s  can, at least, be show n to be a 
copepod, the subclass proposed by Gall and Grauvogel should be considered at 
the ordinal level (O rder Halicyna).
5.5 Systematic descriptions of the crustaceans of the Manse Bum Formation.
Class M alacostraca Latreille, 1806
Subclass Hoplocarida Caiman, 1904
O rder Stom atopoda Latreille, 1817 
Genus T y r a n n o p h o n te s  Schram, 1969
Type species.- T y r a n n o p h o n t e s  th e r id io n  Schram, 1969. From  the Bear Gulch 
Member, M ontana (Namurian).
Em ended diagnosis (after Schram 1969 and Factor and Feldm ann 1985).- Fossil 
stom atopod w ith the rectangular carapace extending m id-dorsally to about the 
fo u rth  thoracic som ite. The sixth thoracic som ite is a t least p a rtia lly , 
laterally exposed. Uropodal exopod and endopod blade-like w ithout diaeresis. 
Telson base rec tan g u la r an d  e longate w ith  term inal sp ike dev e lo p ed  
posteriorly .
T y r a n n o p h o n te s  p a t to n i  (Peach, 1908),
Plate 5.1a-c; Figs. 5.4 a-c, 5.5.
1885 P alaesquil la  p a t to n i  [nom en nudum ] Peach. Patton and Coutts, 
p327.
1888 Palaesquilla  p a t to n i  [nomen nudum ] Peach. Coutts, p i 73.
1908. P e r i m e c t u r u s  p a t t o n i  (Peach). Peach, p51-53, pi. 6, fig. 9.
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1979. ' P e r i m e c t u r u s '  p a t t o n i  Peach. Schram, p60-61, fig. 22.
Lectotype (after Schram 1979, p60, fig. 22).-RH$flft7»i5'{05|frorn the Manse Burn 
Form ation of East Kilbride (Plate 5.1a, Fig. 5.4 c).
Diagnosis.- Posterior thoracic limbs blade-like. M argins of abdom inal pleura 
sm ooth and broadly rounded. M argins of tailfan undecorated  w ith spines or 
setae. Telson spike at least half the length of the entire triangular telson.
M aterial.- Only three specimens of this genus are know n from the Manse Burn
Formation. RMS 1887.25.1059 from East Kilbride, Lanarkshire.oO6^mB0»rs<iCft(5N»te5'lc^ 
and one £com toe Red CAevKaJnfcwnrv (Wate-MbY
D escription.- Of the three specim ens from  the M anse Burn Form ation, none 
have the an terio r portion  very well p reserved . The carapace is poorly  
preserved in two specim ens and only the posterior m argin in the other. No 
rostrum  can be seen in any of the specimens and the carapace appears to lack 
any ornam entation. The cuticle is th in  (=40|im), w ith  patchy  preservation , 
perhaps due to a high organic content which is com m on in extant hoplocarid 
crustaceans (Kelly 1901).
Two of the posterior thoracic limbs are preserved in one specim en (see Plate 
5.1a; Fig. 5.4c). These are modified bladed limbs which m ay have been used for 
swim m ing. The anterior limbs are less well preserved, but the proxim al articles 
of som e appear to be posteriorly directed and the m ore distal articles point 
an teriorly . At least three of the thoracic terg ites are not covered by the 
carapace postero-dorsally.
All six of the abdom inal somites are subequal in length and are approxim ately
1.5 tim es the length of the posterior three thoracic somites. The pleura of the 
abdom inal somites are posteriorly rounded. The pleopods are not preserved.
The telson term inates posteriorly in a m edian spike. The m edian spike is at 
least half as long as the triangular telson base. The uropodal exopod and 
endopod are lobate and extend almost the full length of the tcUm . The uropods
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Plate 5.1
a) Lectotype of T y r a n n o p h o n t e s  p a t t o n i  from the Shrim p M em ber at East 
Kilbride (RMS 1887.25.1059; X6.5). Arrow pointing  to rear-m ost thoracic 
limbs.
b) Specimen of T y r a n n o p h o n t e s  p a t t o n i  from the Red C leugh Burn locality 
(HM A21500a; X3.5).
c) Specimen of T y r a n n o p h o n t e s  p a t to n i  from the M anse Burn locality (HM; 
X6.25).
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Figure 5.4
a) Specimen of T y r a n n o p h o n t e s  p a t t o n i  from the Red C leugh Burn locality 
(HM A21500a; scale-bar = 1cm).
b) Specimen of T y r a n n o p h o n t e s  p a t t o n i  from  the M anse Burn locality (HM; 
scale-bar = 0.5cm).
c) Lectotype of T y r a n n o p h o n t e s  p a t t o n i  (RMS 1887.25.1059; scale-bar = 
0.5cm).
(c=carapace; t8= eigh th  thoracic terg ite ; a 1 = first ab d o m in a l som ite; 
a6=sixth  abdom inal som ite; te= telson; tes= te lson  sp ine; th= tho rac ic  
appendages; u=uropods).
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lack diaeresis and are unom am ented.
Rem arks.- T y r a n n o p h o n t e s  is the least com m on m em ber of the crustacean 
assemblage from the Manse Burn Formation, and has been found from the upper 
p art of the Shrim p M em ber and  the base of the P osidon ia  M em ber. 
Palaeostom atopods also occur elsew here as m inor elem ents associated with 
h igh d iversity  crustacean assem blages at G ranton (Briggs e t al. i n  p re p .) , at 
G lencartholm  (Schram 1979, 1983c), and at Bear Gulch (Schram 1969, 1982, 
Factor and Feldm ann 1985). As these crustaceans are m inor com ponents of their 
respective assem blages, and  due to the adap ta tion  of the thoracic lim bs as 
subchelae, it is likely that they represent a predatorial crustacean.
The blade-like u ropodal exopods and endopods, the three exposed thoracic 
somites, and the differentiation of the blade-like posterior thoracic limbs from 
the an te rio r thoracic lim bs are the charac ters w hich  are used  here to 
d iffe ren tia te  T y r a n n o p h o n t e s  from  B a i r d o p s  and  P e r i m e c t u r u s .  Schram  
(1979) did not have the necessary features of the tail fan preserved to place it 
w ith  the ty rannophontids, a lthough he noted that the b lade-like posterior 
thoracopods were sim ilar in character to those seen on tyrannophontids. The 
two new  specim ens allow a m ore positive com parison to be m ade betw een the 
genus T y r a n n o p h o n te s  and the specimens from the M anse Burn Formation.
The species rep resen ted  in the  M anse B urn F orm ation  d iffe rs  from  
T y r a n n o p h o n t e s  t h e r i d i o n  in that it does not have the spines on the lateral 
m arg in  of the uropodal exopod, the m edian spine of the telson lacks lateral 
spines, and the posterior thoracic limbs are m ore blade-like.
Subclass Eumalacostraca
O rder Decapoda
Genus Teall iocaris  Peach 1908, p9.
T ype sp ec ie s . - A n t h r a p a l a e m o n ?  w o o d w a r d i  E theridge 1877, p863, p i.27, 
T e a l l io c a r i s  w o o d w a r d i  (E theridge 1877). Peach 1908, p!8-22, p i.2, figs. 1-6.
136
Toum aisian, Lower Carboniferous, from Belhaven Bay, near Dunbar.
D iagnosis. Anterolateral spines on carapace, V-shaped cervical groove, paired 
p o sto rb ita l sp ines, achelate thoracopods, large th ird  abdom inal tergite 
extending to cover m ost of the fourth, tergite of the second abdom inal somite 
expands laterally.
Tealliocaris w o o d w a rd i  (Etheridge 1877),
Plate 5.4c, 5.5a, b, d; Figs. 5.5b, c, 5.8a, 5.11a.
1877 A n t h r a p a l a e m o n ?  w o o d w a r d i  E theridge. p863, p i.27.
1879 A n t h r a p a l a e m o n  w o o d w a r d i  E theridge 1877. E theridge .
p468, pi. 23, figs.4-9.
1908 T e a l l i o c a r i s  w o o d w a r d i  (Etheridge 1877). Peach. p l8 , p i.2, 
figs. 1-6.
1908 Tea ll iocar is  l o u d o n e n s i s  Peach. p9, p l.l, figs 1-7.
1908 T ea l l io c a r i s  ta r r a s ia n a  Peach. p26, pl.3, figs. 13-16.
1979 T ea l l io c a r i s  w o o d w a r d i  (E theridge 1877) Schram. p75, figs. 
32-33.
1982 T e a l l i o c a r i s  l o u d o n e n s i s  Peach 1908, Dew ey and  Fdhraeus.
p668, fig. 3, p l.l, figs. 1-4.
1985 T e a l l i o c a r i s  w o o d w a r d i  (E theridge 1877), B riggs an d  
Clarkson, p i  75, figs. lb-e, 2-22, 24.
M aterial.- Specimens studied w ere found in a lam inated dolostone at Cheese 
Bay, East Lothian (Hesselbo and Trewin 1984, Briggs and Clarkson 1985) and at 
Granton, near Edinburgh (Cater 1987).
Em ended diagnosis.- One to four spines on outer lateral m argin  of antennal 
scale, tw o transverse  grooves on  the th ird  abdom inal terg ite  on ly , one 
p rom inen t anterolateral spine on carapace, m edian keel and  lateral keels on 
carapace non-crenulate.
D escription.- T. w o o d w a r d i  has already been described in detail by Briggs and
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Clarkson (1985a). Since then, several new structures have been found on further 
specim ens. Only these new  structures and a re in terp reta tion  of previously  
described features will be treated here.
The carapace is ornam ented w ith paired post-orbital spines anterior to the Y-­
shaped cervical groove. A m axim um  of five pereiopods project beyond the 
lateral m argins of the carapace. The V -shaped cervical groove is clearly 
m arked and is associated with other carapace grooves. There is a groove which 
contours the base of the rostrum  connecting with the cervical groove close to the 
m edian ridge. This groove also seems to continue laterally beyond the post 
o rb ital sp ines to connect w ith  the cervical groove la tero -ven tra lly . The 
cervical groove does not connect postero-dorsally, bu t appears to split into two 
shallow  grooves w hich alm ost parallel the carapace ridges. There are five 
thoracic sternites posterior to the cervical groove.
The arthrodia l m em brane, which connects the abdom en to the carapace, has 
three m arked ridges w hich m ay represent the im pression of structures from  
w ithin the abdom inal cavity. The second abdom inal som ite expands laterally 
and m ay partia lly  overlap the lateral edges of the first and th ird  abdom inal 
somites. The th ird  abdom inal tergite is extended posteriorly to cover m ost of 
the fourth abdom inal tergite. Oval processes can be seen on the postero-lateral 
m arg in  of the second abdom inal tergite and the anterolateral m argin of the 
posterio r th ird  of the th ird  abdom inal tergite. The th ird  abdom inal tergite 
has two transverse grooves one of which term inates at the m edian ridge (ftote 5 6*0.
The telson is m ade up  of two parts. The first is the subrectangular section w ith a 
m edian  and  two lateral keels. The lateral edges of this section term inate in a 
spine and sulcus which curves into the two lateral keels. The lateral keels also 
term inate posteriorly  in a spine and  narrow  sulcus. The second part of the 
telson, a thin m em brane, w hich has prev iously  been described as a small 
subcircular flap (Briggs and Clarkson 1985a, pl95), is actually m uch larger than 
previously thought. The m em brane extends from  the two lateral spines of the 
anterior half of the telson to beyond the posterior m argin of the lateral ridges.
The m em brane w ould give the appearance of a sm all subcircular flap on
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com paction due to the lateral spines of the posterior half of the telson. There is 
a m edian spine extending to the extreme distal edge of the m em brane which 
m ay be ventral to the membrane.
Rem arks.- The environm ent in which T. w o o d w a r d i  occurs does not seem  to 
vary m uch betw een localities. Associated faunal elem ents are rare at Cheese 
Bay, consisting of ostracodes, fishes, hydroids, scorpionid fragm ents, and plant 
fragm ents (Briggs and Clarkson 1985a, p200). A study of the sedim ents indicates 
a therm ally stratified lake or brackish lagoon (Hesselbo and  Trew in 1984) as 
being the habitat of T. w o o d w a r d i  at Cheese Bay. At G ranton the fauna of bed 
'o' of C ater (1987, p30), includes rare ostracodes, gastropods, hydro ids, and 
p lan t fragm ents associated w ith T. w o o d w a r d i  in w hat has been in terpreted  
as a low-energy stagnant lagoon.
It has previously been postulated that the m em brane of the telson was in three 
parts, two lateral ram i and  a term inal flap (Schram 1979). The evidence for 
this w as d isputed by Briggs and Clarkson (1985a, pl95) and a small subcircular 
single flap was postulated. It is show n here to be a single large m em brane. The 
m em branous flap was probably d istorted  by com paction in m ost specim ens 
resulting in the small subcircular appearance (see Plate 5.5d).
A lthough this species does not occur in the M anse Burn Form ation, it was 
necessary to redescribe this species as a com parison. O ther species, form ally 
described by Peach (1908) as T e a l l i o c a r i s , w ere stud ied  in the light of these 
new ly observed structures, to formulate a m ore complete understanding  of this 
genus. As a result, the species described next were recognised.
Tealliocaris e ther idg i i  (Peach 1881),
Plate 5.2b, 5.4b, 5.5c; Figs. 5.7a, 5.8c, 5.11c.
1882 A n t h r a p a l a e m o n  e t h e r i d g i i  Peach. p l76, p i.8, figs. 3-3g.
1882 A n t h r a p a l a e m o n  fo r m o s u s  Peach. p83, pl.8, fig. 8.
1883 A n t h r a p a l a e m o n  f o r m o s u s  Peach 1882. Peach. p512, pl.28,
figs. 3-3b.
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1883 A n t h r a p a l a e m o n  e t h e r i d g i i  var. la tu s  Peach. p513, p i.28, 
figs. 4-4b.
1908 T ea l l io c a r i s  e th e r id g e i  (Peach 1881). Peach. p22, pl.3, figs. 1, 
2 .
1908 T e a l l i o c a r i s  e t h e r i d g e i  var. la ta  (Peach 1881). Peach. p23, 
pl.3, figs. 3, 4.
1908 T ea ll io ca r is  f o r m o s a  (Peach 1881). Peach. p27, pl.3, figs. 17,
18.
1979 P s e u d o te a l l io c a r i s  e t h e r i d g e i  (Peach 1881) Schram. p95, figs. 
44, 45.
Lectotype.- BGS 5918 (Schram 1979, fig. 44a) (Plate 5.5b)
Diagnosis.- N ine or m ore spines on the outer lateral m argin of antennal scale, 
crenulate anterolateral m argin of the carapace, m edian keel of carapace not 
crenulate, transverse grooves on all except the sixth abdom inal tergites, single 
transverse groove on the third abdom inal tergite.
M aterial.- Specim ens of this species com e from  a th in ly  lam inated  grey 
dolom itic shale w ith  a rich m arine fauna at G lencartholm , near L an g h o lm  
(M iddle Border Group, Visean) (Schram 1979,1981a, 1983c), and  from an im pure 
lam inated  dolostone at M uirhouse, G ranton near Edinburgh (Visean) (Cater
1987).
D escription.- The carapace has paired  postorbital spines an terio r to the V- 
shaped  cervical groove. The anterolateral m argin of the carapace is arm ed 
w ith short spines num bering at least six. The carapace grooves are sim ilar to 
those seen on T e a l l io c a r i s  w o o d w a r d i .
The arthrodial m em brane has three m arked ridges in a sim ilar m anner to that 
found on T. w o o d w a r d i .  The pleura of the second abdom inal somite can be seen 
to partia lly  overlap  those of the first and  third, as w as first noted by Peach 
(1882) on A .  e th e r id g i i .  The third abdom inal tergite extends to cover m ost of 
the fourth. An oval process can be seen on the section posterior to the second
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transverse groove of the third abdom inal tergite.
The subrectangular telson is armed with two lateral spines, a m edian ridge and 
six spines on the postero-lateral ridges.
Rem arks.- The fauna associated w ith T. e th e r id g i i  at G lencartholm  is m uch 
m ore d iverse than that associated w ith  T. w o o d w a r d i .  It includes a m ixture 
of m arine and brackish  w ater biotas w ith at least ten d ifferen t types of 
m alacostracans (Schram  1981a, 1983c). The sed im ents are in te rp re ted  as 
representing a transgressive sequence from coarse non-m arine sandstones to 
m arine  shales (C ater p e r s .  c o m m . ) .  T .  e t h e r i d g i i  is found  in  the m arine 
shales. This subspecies is also found in a marine dolostone at Granton associated 
w ith  five o ther m alacostracan genera, p lan t fragm ents, fishes, conodont 
anim als, m yodocopid ostracodes and other invertebrates (Briggs and Clarkson 
1983, Briggs, Clarkson, and Aldridge 1983, A ldridge et al 1986, Cater 1987).
This species of T e a l l io c a r i s  w as thought, by Schram  (1979), to represen t a 
species of P s e u d o t e a l l i o c a r i s .  The features, described here, dem onstrate  that 
the s im ila ritie s  be tw een  T .  w o o d w a r d i  and  the new ly  redescribed  T. 
e t h e r i d g i i  are  strong  enough  to place them  w ith in  the sam e genus. The 
features of the abdom en are im portan t in synonym ising P s e u d o t e a l l i o c a r i s  
e t h e r i d g e i  w ith  T e a l l i o c a r i s  e th e r id g i i .  The lateral expansion  of the tergite 
of the second abdom inal som ite, the large th ird  abdom inal terg ite w hich 
extends to cover m ost of the fourth, and the various oval processes of the 
abdom en were found to be common to all species of Tealliocaris.
P s e u d o t e a l l i o c a r i s  w as erected  on the basis of specim ens from  C anada 
in itially  described as T e a l l io c a r i s  by C opeland (1957). Brooks (1962, p l99) 
w as unable to obtain these Canadian specimens w hen he erected the new  genus 
P s e u d o t e a l l i o c a r i s  (Brooks 1962, p200) (see section 5.1.4). In this s tudy  it was 
also found that the type specim ens of P s e u d o te a l l io c a r i s  Brooks 1962 were too 
fragile to transport from Canada. Redescriptions and synonym ies are therefore 
restricted to British specimens. However, it m ust be noted that the illustrations 
of C opeland  (1957, p.44) do not show  any  characters that d iffe ren tia te
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P s e u d o t e a l l i o c a r i s  from T e a l l i o c a r i s .  A high m ean w id th  to length  ratio of 
the telson of 0.82, m easured from the plates of Copeland, w ould suggest an 
affinity  w ith T. e th e r id g i i .
The large th ird  abdom inal tergite, the lateral expansion  of the second 
abdom inal tergite, as well as the oval processes on the second and  th ird  
abdom inal tergites, the three m arked ridges of the arthrodial m em brane, and 
the spines and ridges of the subrectangular telson on T . w o o d w a r d i ,  were found 
to be sim ilar in specim ens of P. e t h e r i d g e i  from  G len ca rth o lm . These 
sim ilarities are sufficiently strong to justify the discontinuation of the nam e 
P s e u d o t e a l l i o c a r i s  as applied  to Scottish tealliocarids.
Tealliocaris robusta  Peach 1908,
Plate 5.2a, c, d, 5.3, 5.4a; Figs. 5.8b, d, 5.9, 5.10, 5.11b.
1908 Tea ll iocar is  ro b u s ta  Peach. p24-25, pl.3, figs. 5-8.
1908 T ea ll iocar is  ro b u s ta  var Peach. p25, pl.3, figs. 9-12.
1979 P se u d o te a l l io c a r i s  e th e r id g e i  (Peach). Schram  p95-99.
Lectotype.- BGS 5942 abdom en w ith tail fan d isarticu lated  from  carapace. 
W hiteadder W ater, Duns, Berwickshire (Tournaisian) (Plate 5.2a).
M aterial.- M useum  and private collections provided  eleven specim ens of this 
species from  the M anse Bum Form ation at Bearsden, at East Kilbride, and at 
M ilton of Campsie, near Glasgow.
D iagnosis.- Six or seven spines on ou ter lateral m argin  of an tennal scale, 
c renu la te  m edian  keel on carapace, two transverse grooves on the th ird  
abdom inal tergite.
D escription.- The carapace is p rov ided  w ith paired  post orbital spines and 
spines on the antero-lateral m argin. Six antero-dorsal spines and  an antero- 
ventral tubercle occur on the falcate rostrum . The pitting  of the carapace of T.  
r o b u s ta  is due to the epicuticle being rem oved, exposing the cuticular ducts of
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the exocuticle. There are six to eight spines on the anterolateral m argin of the 
antennal scale. The carapace grooves are m ore clearly seen in the specim ens of 
T. ro b u s ta ,  as the preservation is better. The grooves are no different to those 
seen on T. w o o d w a r d i .  A m axim um  of five pereiopods project laterally beyond 
the edges of the carapace. One specim en preserves a flagellar pereiopodal 
exopod. In ventral aspect, there is some sign of sternal nodes on the thorax in one 
specim en from Bearsden. A nother ventrally exposed specim en shows crossed 
plates which possibly represent the lamellae or epipods, as described by Briggs 
and Clarkson (1985, p i 86) on T. w o o d w a rd i .
The arthrodial m em brane has three m arked ridges in a sim ilar m anner to the 
o ther two species of T ea ll io ca r is  described here. The 3rd abdom inal tergite 
ex tends posterodorsally  to cover m ost of the 4th terg ite an d  the second 
abdom inal som ite expands laterally; Two lateral oval processes on the second 
and  th ird  tergite are clearly seen on m ost specimens. The abdom inal tergites 
have a transverse groove on all but the 6th tergite, and the 3rd has two grooves. 
There are two paired pores at the posterior end of the m edian ridge on tergites 5 
and 6. The abdom inal stem ites form a raised bar draw n to a m edian peak and 
connect the pleopod foramina.
The telson has two lateral spines, a crenulate m edian ridge w ith over tw enty 
posteriorly directed spines and six spines on the postero-lateral ridges.
Rem arks.- The fauna associated w ith T. ro b u s ta  includes four different types of 
m alacostracans (W ood 1982), ab u n d an t N u c u l a ,  rare M o d i o l u s  and  other 
bivalves, and rare p lant fragm ents. The deposit is in terpreted  as a m ixture of 
m arine and  brackish w ater sedim ents (W ood 1982). At Duns, T. r o b u s ta  is 
associated w ith abundant ostracodes, fishes, plants, and bivalves.
Specim ens of T. ro b u s ta  of the same age and sim ilar preservation as specim ens 
from  B earsden w ere found at East K ilbride near G lasgow  and described by 
Peach (1908). These w ere identified by Peach as T. ro b u s ta  var. Peach 1908 on 
the basis of being more slender and coming from a higher horizon than the type 
specim ens of T. ro b u s ta  from Duns. However, until evidence to the contrary is
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obtained, T .ro b u s ta  var. is synonym ised with T. robu s ta  (Peach 1908).
Briggs and Clarkson (1985a) observed six paired lateral spines on the rostrum  of 
T. w o o d w a r d i .  This differs from the description of the rostrum  of T. ro b u s ta  
presented here. On compaction, the falcate rostrum  m ay give the im pression of 
having  lateral spines. The rostrum  is also significantly longer than in T .  
w o o d w a r d i  or T. e th e r id g i i .  The sternal nodes w hich m ay be presen t on the 
thoracic s te rn ites  of T. r o b u s t a  have not been reco rded  on any o ther 
tea lliocarid  except T. w o o d w a r d i .  This m ay be due to the small num ber of 
specimens, of the other species, preserved to show the sternum .
The oval processes on the second and  th ird  abdom inal tergite p resen t on 
T . w o o d w a r d i  and T. e t h e r i d g i i  are less p ronounced  than  those of T. ro b u s ta  
probably as a result of the preservation.
G eneral rem arks on T e a l l i o c a r i s  -  T e a l l i o c a r i s  is one of the m ore fam iliar 
shrim ps in the fossil crustacean faunas of the C arboniferous of central and 
southern  Scotland. These faunas are com m only associated w ith fish, bivalves, 
and  p lan ts  in facies w hich have been variously  in te rp re ted  as m arginal 
m arine, brackish, lagoonal, hypersaline and  freshw ater in origin (Dewey and 
F&hraeus 1982, Briggs and  C larkson 1983, 1985a, Hesselbo and Trew in 1984, 
C ater 1987). T e a l l io c a r i s  is also one of the best preserved and one of the m ost 
w idespread  of C arboniferous crustaceans. It has been recorded from  France 
(Carpentier 1913) northern England and southern Scotland (Peach 1908, Schram 
1979) and  Canada (Dewey and F&hraeus 1982).
Peach (1908, p l6 ) indicated that "the structure of the endopodites of all these 
lim bs (thoracopods) seem s to fit them  b ette r to form  a g reat restra in ing  
appara tus for the en trapping  of m inute organism s ra ther than for craw ling or 
sw im m ing". The m orphology  of the lim bs does seem  to su p p o rt Peach's 
statem ent, and because of the sim ilarity betw een the thoracic limbs of P ro ca r is  
an d  those of T e a l l i o c a r i s ,  they  m ay have had  sim ilar feed ing  habits. 
P r o c a r i s  occasionally uses its pereiopods to catch prey, such as the aty id  
T y p h l a t y a  r o g e r s i  u sing  its pedeform  m axillipeds to m an ipu la te  the p rey
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close to the m outh parts while it swim s upside dow n using its flagelliform 
pere io p o d al exopods and  p leopods (P rovenzano 1978, p l7 1 , Abele and  
Felgenhauer 1985, p20). The massive m andibles are used both to tear at prey 
and, more commonly, to feed on algae and diatoms.
The lack of any associated fauna on which T. w o o d w a r d i  could actively prey 
does not preclude the possibility of similar feeding habits to those of P ro car is .  
Briggs and C larkson (1985a, p200) suggested that T. w o o d w a r d i  could have 
been a detritu s feeder, as well as a filter feeder. T. e th e r id g i i  has a large and 
varied associated faunal assemblage and may have used its limbs for grasping 
crustaceans such as C r a n g o p s i s .  T . r o b u s ta  m ay also have fed in this m anner 
although the faunal assem blage is less varied.
Peach differen tiated  betw een his species of T e a l l i o c a r i s  on the keels on the 
carapace and  the abdom en as well as the relative length  of the tails to total 
length. M any of the characters used by  Peach (1908) m ay differ purely  as a 
re su lt of p reservation  and  collecting bias. H ow ever, the characters, both  
m orphological and m orphom etric, used here, to differentiate betw een the two 
species of T e a l l io c a r i s ,  are not affected by  the state of preservation . These 
characters, such as the num ber of spines on the anterolateral m argin  of the 
an tennal scale and  the presence of spines on the anterolateral m arg in  of the 
carapace, are consistent w ith in  each locality. The values of the ratio  of the 
w id th  of the telson to its length (w t/lt)  and  the length  of the rostrum  (lr/lc) 
vary  w ith in  each locality and  show  som e overlap  w ith  values from  other 
localities. S tatistical t-tests on these ra tios show  that there is a significant 
d iffe ren c e  b e tw e en  T .  e t h e r i d g i i  and  the o th er form s of T e a l l i o c a r i s  
although, the sm all num ber of specim ens available m akes the in terp re tation  
less reliable.
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Figure 5.6 G raphs showing the relative proportions of the length of the telson 
(It), w idth  of the telson (wt), length of the carapace (1c), abdom inal length 
(la), and the length of the rostrum  (lr) in the different species of T e a l l io c a r i s .  
a) lc /la ; b) lc /lr; c) l t/w t. (m easu red  uc\ m m Y
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The reason for the new diagnostic characteristics not being observed previously 
is purely  a result of the preservation  and p repara tion  of specim ens. Few 
external m oulds of T .  w o o d w a r d i  have p rev iously  been s tud ied  as the 
specim ens tend to fracture in ternally  (Briggs and  C larkson, 1985a), and 
G lencartholm  specim ens are variably altered or dam aged during  preparation. 
It is, therefore, not surprising that m any of the structures seen on T. ro b u s ta  
from Bearsden were not previously recorded.
It is possib le  th a t som e of the d ifferences be tw een  the species are 
ecophenotypic, as they occur in two different environm ents. T. w o o d w a r d i  has 
only been found in restricted fresh, brackish, or hypersaline bodies of w ater 
w ith a paucity  of associated faunal elem ents. W hereas, T . e t h e r i d g i i  and T .  
r o b u s t a  occur in a m ore m arine setting w ith a w ith a w ide range of associated 
brackish and m arine faunas. As the differences stated are consistent betw een 
localities, it is suggested that the forms of T ea ll io ca r is  should be considered as 
separate species.
The carapace of T e a l l io c a r i s  has m any characters w hich are com parable w ith 
extant decapods. It extends to cover the thorax com pletely and m ay have been 
a ttach ed  d o rsa lly  to the abdom en  via the a rth ro d ia l m em brane. The 
dislocation of the carapace w ith respect to the abdom en probably represents a 
moult.
O nly five of the eight achelate pedeform  thoracic lim bs ex tend laterally  
beyond the m argin  of the carapace. The anterior tw o lim bs are pedeform , 
project anteriorly and are interpreted as m axillipeds. A ttached to the posterior 
five thoracic lim bs are flagellar pereiopodal exopods and  epipods. These are 
sim ilar in character to those of the ex tan t decapod P r o c a r is  (C hace and  
M anning 1972).
Due to the dislocation of the cephalothorax from  the abdom en seen in the 
m ajority of specimens, the thorax has previously been assum ed to be unattached 
to the carapace. Briggs and Clarkson (1985a, pl74) suggested that this m ay be 
as a result of moulting. Only those specimens with gut traces preserved can be
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Plate 5.2
a) L ecto type of T e a l l i o c a r i s  r o b u s t a  from  the  W h ite a d d e r  W ater, 
Berwickshire (BGSE 5942; X4.2).
b) Lectotype of T e a l l io c a r i s  e t h e r i d g i i  from  G lencartho lm , near L angholm  
(BGSE5918; X3.25).
c) Tea ll iocaris  ro b u s ta  from the Shrim p M em ber at Bearsden (UCZ 1.9430; X4). 
Arrow points to the third abdom inal somite.
d) T e a l l io ca r is  r o b u s ta  from  Bearsden w ith  arrow  show ing the pereiopodal 
exopod (HM A2405b; X I1).
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Plate 5.3
T ea l l ioca r is  ro b u s ta  from Bearsden w ith arrow  poin ting  tow ards the thoracic 
lam ellae (HM A2407b; X5).

Plate 5.4
a) T ea l l iocar is  ro b u s ta  from Bearsden w ith arrow  poin ting  to m uscle blocks 
w ithin the abdom inal cavity (HM A2408; X4.8).
b) T e a l l i o c a r i s  e t h e r i d g i i  from  G lencartholm  show ing  la tera l aspect w ith 
arrow  pointing to the second abdom inal pleuron (BGS 5917; X5.5).
c) T ea ll io ca r is  w o o d w a r d i  from Gullane show ing anterior lim bs (HM A2388-1; 
X5.5).
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Plate 5.5
a) T e a l l io c a r i s  w o o d w a r d i  from  G ullane show ing dorsal aspect w ith arrow  
pointing to the third abdom inal somite (HM A3289a; X4.25).
b) Ventral view of the above specimen (HM A3289b; X4.25).
c) T ea ll io ca r is  e th e r id g i i  from Glencartholm  w ith arrow  po in ting  to the third 
abdom inal somite (BM 138022; X2).
d) H ighly m agnified telson of T e a l l i o c a r i s  w o o d w a r d i  from  G ullane (HM 
A21507; X32.5).
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Figure 5.7
a) T e a l l i o c a r i s  e t h e r i d g i i  in lateral view (BGSE 5917; scale-bar = 0.5cm). 
pl2=second abdom inal pleuron.
b) T ea ll io ca r is  w o o d w a r d i  in dorsal view (HM A3289a; scale-bar = 0.5cm). 
l-6=abdom inal somites, t=telson.
c) T e a l l i o c a r i s  w o o d w a r d i  in ven tra l view (HM A2389b; scale-bar = as 'b' 
above). l-6=abdom inal somites.
Figure 5.8
a) T e a l l io ca r is  w o o d w a r d i  show ing an terior lim bs (HM A2388-1; scale-bar = 
0.5cm). anl=first antenna, an2=second antenna, as=antennal scale, mxp2=second 
m axilliped, m xp3=third m axilliped.
b) Teall iocaris  ro b u s ta  show ing pereiopodal exopod (HM A2405b; scale-bar = 
0.5cm). th=thoracopods, ex=exopod.
c) A bdom en of T e a l l i o c a r i s  e t h e r i d g i i  (BM 138022; scale-bar = 0.75cm). 
a3=third abdom inal somite.
d) Ventral view of T e a l l i o c a r i s  r o b u s t a  (HM A2405a; scale-bar = 1cm). 
a .s .= an tennal scale, an l= f irs t an tenna , an2=second an ten n a , r= rostrum , 
m = m and ib les, th .s= thoracic  s te rn ites , s .n = ste rn a l node, abd .s2= second 
abdom inal sternite.
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Figure 5.9
Line d raw ing  of T ealliocaris  ro b u s ta  (UCZ 1.9430; scale-bar=lcm ). as=antennal 
scale, an l= firs t antenna, e.s=eye stalk, c=cervical groove, p .o .s=post orbital 
spines, m k=m edian keel, pe5=fifth thoracopod (pereiopod), abdl-6= abdom inal 
somites, t=telson.
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Figure 5.10
a) Lateral reconstruction of T ea l l io ca r is  ro b u s ta .
b) Dorsal reconstruction of T ea l l ioca r is  ro b u s ta .
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Figure 5.11
a) C haracteristic features of T e a l l i o c a r i s  w o o d w a r d i .
b) C haracteristic features of T e a l l io ca r is  ro b u s ta .
c)  C haracteristic features of T e a l l io c a r i s  e th e r id g i i .
scale-bar=lcm , s=antennal scale, ro=rostrum , b,d,e,c=carapace grooves, po=post 
o rb ita l sp in es , m k = m ed ian  keel, ts= te lso n  sp in e , lk = la te ra l keel, 
me=membrane.
considered as true corpses.
The deta iled  taxonom y of T e a l l i o c a r i s ,  as well as its position  w ithin the 
C rustacea  have been likew ise subject to n u m ero u s  and  inconsisten t 
in te rp re ta tio n s  d u rin g  the h istory  of research  into the genus. Evidence 
p resen ted  here ind icates that T e a l l i o c a r i s  is a represen ta tive of the most 
prim itive form of decapods.
O rder Eocarida Brooks 1962 
Genus C r a n g o p s is  Salter 1863
Type species.- U r o n e c t e s  s o c ia l i s  S alter 1861 from  A rd ro ss , F ifeshire, 
Calciferous Sandstone M easures (Lower Carboniferous).
D iagnosis (after Schram  1979, p39).- C arapace sub trapezo idal. A ntennal 
peduncles m oderately large and  long. A bdom en 2.5 tim es the length of the 
cephalothorax. Sixth abdom inal som ite especially elongate. P leuron  of the 
second abdom inal somite extends m arkedly anteriad as well as posteriad.
C ra ngo ps is  e skdalensis  (Peach) 1882.
Plate 5.6a-d; Figs. 5.14a-d, 5.15a-c, 5.16.
1882 P a la e o c ra n g o n  e s k d a le n s is  Peach, p84, p i.8, fig.9.
1908 C r a n g o p s is  c o u t t s i  Peach. p76-78, p i.12, figs. 1-7.
1908 C r a n g o p s i s  e s k d a le n s i s  (Peach). Peach, p80-81, p l . l l ,  figs. 1- 
7.
1969 C r a n g o p s is  e s kd a le n s is  (Peach). Brooks, p343, fig. 158, 6.
1979 C r a n g o p s i s  e s kd a le n s is  (Peach). Schram, p42-45, figs. 9, 11.
L ecto type.- BGS 5007 from  G lencartho lm , near L angholm . C alciferous 
Sandstone M easures (Lower Carboniferous).
D iagnosis (after Schram  1979, p43).- C arapace ro unded  on postero-ventral
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corner. Second abdom inal p leuron flattened ventrally. Posterior abdom inal 
pleura rounded on postero-ventral comers.
M aterial.- The specim ens obtained from  Bearsden occur abundan tly  at two 
levels: 1) w ithin the Shrim p M em ber (Bed A of Wood 1982) and, 2) a thin 
horizon w ithin the Lingula M ember (Bed E of Wood 1982). This crustacean is 
the m ost abundant com ponent of the fauna at Bearsden and the other localities 
where the Shrimp M ember is present.
D escrip tion .- The specim ens of C r a n g o p s i s  e s k d a l e n s i s  from  the Shrim p 
M em ber are m ostly incom pletely preserved. The carapace and abdom en are 
usually  well preserved, and the tail fan and appendages, less so, or not at all 
preserved. W here the shrim ps have been replaced by secondary drusy  calcite, 
how ever, the outline of the tail fan can be distinguished although m uch of the 
finer detail is lost.
The carapace is subtrapezoidal to triangular w ith only a very slight rostrum  
projecting an terior to the transverse cervical groove. The cervical groove is 
ind istinct due to crush ing  and w rinkling  of the th in  cuticle. The antennal 
peduncles are quite large relative to those seen in other Carboniferous genera. 
No specim ens from  the Manse Bum  Form ation are preserved show ing the full 
extent of the first antennae. The basal segm ents of the second antennae are 
short. The distal segm ents of the second antennae are poorly preserved and 
indistinct. The antennal scale is som etim es preserved as an  oval plate at least 
as long as the first peduncle of the antennules. The carapace is m edially incised 
to reveal at least two of the thoracic somites. W here the carapace has been 
to tally  rem oved, at least four short thoracic segm ents are clearly visible in 
lateral aspect (see Fig. 5.14b). This suggests that the carapace was not fully 
attached  to the thorax in life. The thoracopods are poorly  preserved in all 
specim ens collected, a lthough at least seven can be seen in one specim en (see 
Fig. 5.15c).
The abdom en is nearly  three times the length of the cephalothorax w ith the 
sixth abdom inal som ite approxim ately 0.75 times the length of the carapace.
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The pleura of the abdom inal somites 1, 3, 4, and 5, are rounded posteriorly and 
overlap  the p leura of the next posterior som ite. The p leura of the second 
abdom inal som ites are subrectangular w ith a flattened ventral m argin. The 
cuticle of C r a n g o p s i s  e s k d a le n s i s  is largely sm ooth, w ith only the fine p itting 
of the tegum ental ducts visible at high m agnification. On the tergite of the 
second abdom inal somite, however, there is a small boss w ith a m edian slit, 
which presum ably represents a sensory device.
Figure 5.12 G raphs showing the relative lengths of the carapace (lc), abdom en 
(la), and  the sixth abdom inal som ite (la6) in C r a n g o p s i s  from  d iffe ren t 
localities (MBF=Manse Burn Formation), a) la /lc ; b) la/la6.(rr»ecxsure«^.i>fs^w'')
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The tail fan is poorly preserved, bu t appears to consist of a triangular to sub- 
rectangular telson, approxim ately equal in length to the uropodal exopod. The 
uropodal exopod is longer than the endopod, and appears to have an outw ardly 
concave margin.
Rem arks.- The presence of C. e s k d a le n s i s  no rth  of the Southern  U plands 
suggests that the w estern M idland Valley of Scotland had m ore contact w ith 
the N orthum berland  Trough, than w ith the eastern M idland Valley w here C. 
soc ia lis  was dom inant during  the Visean (Schram 1979). The palaeogeography 
and palaeogeom orphology of the M idland Valley du ring  the early N am urian  
w ould  suggest an  eastw ard  tran sp o rt of these crustaceans from  Ireland. 
However, no crustaceans of this genus have, so far, been recorded from the Irish 
N am urian .
The few new  structures which have been observed on C. e skd a le n s is  include: 1) 
at least four thoracom eres free of the carapace, of w hich the posterior two can 
be seen in the deeply incised medial portion of the posterior m argin of the
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carapace; 2) the presence of a sensory device on the second abdom inal somite; 3) 
the presence of C. e skd a lens is  north of the Southern Uplands.
ySOOaivh
A d ifficu lty  in d iffe ren tia tin g  betw een  specim ens of C r a n g o p s i s *  a n d  
W a te r s to n e l la  from the G ranton Shrimp Bed, near Edinburgh, arises due to the 
range and style of preservation. It is possible to observe a full range of 
m o rp h o lo g ies  from  the th icker C r a n g o p s i s  m orpho logy , to the th in  
W a t e r s t o n e l l a  m o rp h o lo g y . The m ajo r d iffe ren ces  b e tw een  these  
m o rp h o lo g ies  in c lu d es  the p re se rv a tio n  of the th o raco p o d s ,an d  the 
preservation of the large second abdom inal pleura. In W a te r s to n e l la  there are 
ten thoracopods of w hich the an terior two are shorter than the other eight, 
several of the thoracic som ites are free of the carapace (Briggs et al. in  p re p . ) ,  
and the relative proportions of the sixth abdom inal somite, the carapace, and 
the ab d o m en  are the m uch  the sam e b e tw een  the C r a n g o p s i s  a n d  
W a t e r s t o n e l l a  m orphologies.
Figure 5.13 The relationship  between: a) the length  of the carapace and the 
abdom en, b) the length of the abdom en and the 6th abdom inal somite, and c) 
the length  of the uropodal exopod and  the abdom en of W a t e r s t o n e l l a  and 
C r a n g o p s is  from  the Granton Shrimp Bed, near Edinburgh.Ox'ea.,sixsed vx\ fl'vvKy
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O ne specim en classified as C r a n g o p s i s  by Briggs and C larkson (1983, p i.22,
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fig7) has the same num ber of thoracic limbs as W a t e r s t o n e l l a  and yet has all 
the features of C r a n g o p s i s ,  such as the large pleura of the second abdom inal 
somite. It seems as though the p leura of the abdom en do not preserve well, 
w hereas the thoracopods do. This m ay be due to several m oult stages being 
preserved, although it is unclear why the limbs should be poorly preserved 
w here the carapace and  the abdom en are well p reserv ed  (C r a n g o p s i s  
m orphology). W a te r s to n e l la  and C r a n g o p s i s  are thus held to be coterm inous 
and thus W a te r s to n e l la  is a synonym  of C r a n g o p s i s .
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Plate 5.6
a )C r a n g o p s i s  e skd a le n s is  from the Shrimp M ember at Bearsden (HM; X5).
b ) C r a n g o p s i s  e s k d a le n s i s  from  the Shrim p M em ber at Bearsden associated 
w ith the antenna of P a la e m y s i s  (HM A2409/8; X5). The arrow  points to the 
small boss on the second abdominal pleuron.
c ) C r a n g o p s i s  e s k d a le n s is  from the Shrim p M em ber at Bearsden show ing the 
thoracic somites (HM A2409/6; X5). Photographed in water.
d) C r a n g o p s is  e skd a le n s is  from the Shrimp M ember at Bearsden (HM A2409/9; 
X4). Photographed in water.
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A a2
Figure 5.14
a) C r a n g o p s i s  e s k d a l e n s i s  (HM  A 2409/8 ; scale-bar= 0 .5cm ). c= carapace , 
a2=second abdominal somite, b=boss.
b) C r a n g o p s i s  e s k d a l e n s i s  (HM  A 2409/6 ; sca le -b ar= as above). e= eye, 
t=thoracic somites.
c & d) C r a n g o p s is  e s kd a lens is  (HM A2409/9 [same block]; scale-bar=0.5cm).
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Figure 5.15
a) C r a n g o p s i s  e s k d a l e n s i s  (HM  A 2409 /1 ; sca le-bar= 0 .5cm ). a2= second  
abdom inal somite.
b) C r a n g o p s i s  e s k d a l e n s i s  (HM  A 2409 /4 ; scale-bar= 0 .5cm ). a2= second  
abdom inal somite.
c) C r a n g o p s i s  e s k d a le n s i s  (HM A 2409/5; scale-bar=as above). an= an tennae, 
c=carapace, as=antennal scale, th=thoracopods.
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Genus P a l a e m y s i s  Peach 1908
Type species.- P a la e m y s i s  d u n l o p i  Peach 1908
D iagnosis.- C arapace la tera lly  trian g u la r , an te rio r flagelliform  spinose 
appendage, seven pairs of thoracic endopods w ith flagellar distal ends, second 
abdom inal p leura overlap those of the first and third,r*chw»gular telson with 
m edian groove, exopodal uropod blade-like w ith diaeresis.
P alaem ys is  d u n lo p i  Peach 1908 
Plate 5.7b, c, 5.c ’ -c, 5.9a-f; Figs. 5.18a-e, 5.19a, 5.20a-e, 5.21a-e, 5.22a-c.
1908 P a la e m y s i s  d u n lo p i  Peach. p57-59, pi.8, figs. 12-14.
1908 P a la e m y s is  c o u t t s i  Peach. p59, pi.8, figs. 16-19.
1908 P a la e m y s is  t e n u i s  Peach. p60, pl.8, figs. 20-24.
1908 P a la e m y s is  sp . Peach. p60, pl.8, fig. 25.
1969 A n t h r a c o p h a u s i a  d u n s i a n a  Peach, 1908. Brooks. p342-343.
1979 A n th r a c o p h a u s ia  d u n s i a n a  Peach, 1908. Schram. p67-72.
1982 A n t h r a c o p h a u s i a  sp .  W ood. p576, fig. 4.
1983 A n t h r a c o p h a u s i a  d u n s i a n a  Peach, 1908. Briggs and  Clarkson.
pl65, 170, figs. 3, pl.20, figs. 2-6.
1985 A n t h r a c o p h a u s i a  d u n s i a n a  Peach, 1908. C larkson. pl2-13,
figs. 4-5.
1986 A n t h r a c o p h a u s ia  sp . Schram. p l06, fig. 9-3.
Type.- BGS 5868 (T2769) (Peach 1908; pi 8, fig 12) tail fan and abdom en from  
Greengairs, Airdrie, near Glasgow (Lower Coal M easures, W estphalian A).
Diagnosis.- As only one species is recognised, the diagnosis for the species is the 
same as for the genus.
Description.- The cuticle is thin w ith a fine external m icroreticulate surface 
texture. The rostrum  is short and the laterally triangular carapace has a weak 
straigh t cervical groove. The carapace extends to partia lly  cover the thorax
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although dorsally the carapace is excavated deeply and may partially expose 
the eighth thoracic tergite. Eye stalks are long and appear to originate on or 
near the first segm ent of the antennules. The antennules are biram ous with 
three proxim al segm ents, the m ost distal of these being shorter and circular, 
and giving rise to two m ulti-articulate flagellae. The antennal scale is about a 
fifth of the total length and has an outer lateral fringe, and an inner lateral 
m argin of robust bifurcating setae. The antennal flagellum  is shorter than the 
antennal scale and is rarely seen except on a few exceptional specimens. A pair 
of ro u n d ed  lim bs w ith  long, sharp  spines near the base of the frontal 
appendages m ay represent the endopods of the maxillae. The m ost striking 
feature of this shrim p are the spinose frontal appendages which consist of two 
proxim al segm ents and tw elve distal segm ents each w ith  a pair of spines. 
These appendages are about half the total body length. Of the specim ens from 
the Shrim p M ember which have the anterior spinose appendage preserved, 
71.8% do not have the distal segm ents folded. Of the other specim ens, 20.52% 
break at either the third or fourth segm ent from  the distal end. This m ay be 
due to a weakening of the joints during m oulting and the way the m oult comes to 
rest on the substrate surface. This pair of lim bs w as prev iously  thought to 
represent the second antennal flagella (Wood 1982), however, this cannot be so, 
as the short second antennal flagella can be seen on some specimens
Eight thoracic limbs can be seen on a ’ghost’ specim en sim ilar to the type ’B’ 
p reservation  described by Briggs and Clarkson (1985a). The first thoracic limb 
is m uch  shorter than  the follow ing seven and  is in terp re ted  as being the 
m axilliped. The seven posterior pereiopods are similar, biram ous and decrease 
in  len g th  p o sterio rly  afte r the fourth . All the p ere io p o d s  have  m u lti­
segm ented distal ends.
The pleura of the second abdom inal somite are large rounded and overlap those 
of the first and third. The pleura of the th ird  through fifth som ites are m ore 
p o in ted  and  point posteriorly. The sixth som ite is approxim ately  the same 
length as the telson bu t this can vary slightly from one population  to another. 
There are paired  right-angled grooves sym m etrically placed along the dorsal 
m id-line of the abdom en of the second to fifth som ites. The posterior dorsal
170
m id-line of the fifth abdom inal tergite is d raw n into a spine extending only a 
short distance over the sixth tergite. The pleopods are poorly preserved in most 
specimens, but w hen seen, are long with biram ous blade-like articles.
The telson has a m edian sulcus dorsally producing two lateral tear-drop ridges 
each of which term inate in a short spine. The posterior m argin of the telson is 
slightly concave w ith a row of shorter spines. The anus is ventral to the telson 
and is represented by a tubercle in a pore opening posteriori)^ The endopodal 
uropod extends as far as the telson, has a longitudinal groove, and robust setae 
along its inner m argin. The blade-like exopodal u ropod  also has a m edial 
groove, robust bifurcating setae, and is almost double the length of the endopod. 
The setae are sim ilar in structure to those of the antennal scale. The uropodal 
exopod has d iaeresis and term inates in a rectangular flap at the distal m ost 
end CPUxVe 5 .
R em arks.- P a l a e m y s i s  has now been found at the sam e stratigraphic horizon 
at a num ber of localities near Glasgow. It is found associated w ith a num ber of 
o ther crustaceans in dark  lam inated shales. The associated eum alacostracans, 
such as C r a n g o p s i s ,  M i n i c a r i s ,  T e a l l i o c a r i s ,  and  T y r a n n o p h o n t e s ,  are not 
very different to the associated faunas at the o ther localities at G ranton and 
G lencartholm .
The localities for P a l a e m y s i s  are found at a variety  of stratigraphic horizons, 
bu t show a rem arkable continuity  in the associated crustaceans, especially at 
the Lower Carboniferous localities (Granton, G lencartholm , and  Bearsden). The 
W estphalian  locality  (G reengairs) lacks th is d iversity  bu t m ay have been 
affected by preservational factors or environm ental conditions.
P a l a e m y s i s  w as synonym ised  w ith  A n t h r a c o p h a u s i a  by Brooks (1969), and 
the specim ens from  Bearsden w ere identified as A n t h r a c o p h a u s i a  by W ood 
(1982). There are, however, a num ber of differences betw een these two genera, 
w ith the resu lt that P a la e m y s i s  is here resurrected  as a separate genus from 
A n t h r a c o p h a u s i a .  The differences include;
1) the rostrum  of A n t h r a c o p h a u s i a  is very d istinct and  falcate (Schram
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1979) w hereas P a la e m y s i s  has a very short spine-like rostrum  (see Plate 5.7a);
2) the an te r io r  sp in o se  ap p e n d a g e  h as  n o t b een  re co rd e d  in 
A n t h r a c o p h a u s i a  prior to the discovery by W ood (1982), b u t a long second 
antenna can be clearly seen in some specimens (Schram 1979);
3) the telson of A n t h r a c o p h a u s i a  is triangular and  the sam e length as the 
uropodal exopods and in P a la e m y s i s  the telson is rectangular w ith two lateral 
oval ridges and is only two thirds as long as the uropodal exopods (see Fig. 
5.21);
4) the shape of the uropodal exopod is blade-like w ith a straight inner and 
outer edge in P a l a e m y s i s ,  w hereas in A n t h r a c o p h a u s i a  the setae form a very 
rounded distal end (see Fig. 5.21);
5) the  p le u ra  on the ab d o m en  are  s im ila r on all som ites in 
A n t h r a c o p h a u s i a ,  w hereas on P a l a e m y s i s  the second abdom inal p leura are 
enlarged to partially cover those of the first and third (see Fig. 5.19b).
There are a few specim ens of P a l a e m y s i s ,  a lth o u g h  a lack of com plete 
specim ens, from  localities o ther than  G ran ton  an d  B earsden. No clear 
m orphological differences could be observed other than those w hich could be 
re la ted  to preservational differences. For these reasons, only one species of 
P a la e m y s i s  has been resurrected. Peach (1908) recognised the different species 
on the basis of relative lengths of the various lengths of the tail fan and sixth 
abdom inal som ite. These factors are not considered  enough  to designate 
different species due to the spread of results obtained, and the small num ber of 
specim ens involved. As there are m ore specim ens available from  G ranton and 
Bearsden, a statistical test w as perform ed on the relative lengths of the sixth 
abdom inal somite, the uropodal exopod, and the telson to determ ine w hether 
more than one species could be recognised.
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Figure 5.17 G raphs show ing the relative lengths of the telson (It), the sixth 
abdom inal som ite (la6), and the length of the u ropodal exopod (luex) of 
P a la e m y s i s  different localities (MBF=Manse Burn Form ation), a) la6 /luex ; b) 
la 6 /l t ; c) lt/luex.C<*\easured of' <*rrO •
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The length  of the sixth abdom inal som ite is relatively shorter in specim ens
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from the Shrimp M ember (Bearsden). In the Manse Burn Formation, where the 
cuticle is well p reserved, the fifth abdom inal som ite m ay slightly overlap 
that of the sixth. At Granton, most of the specim ens are preserved as 'ghosts' 
perm itting the full length of the sixth abdom inal somite to be visible and hence 
m ay be seen to be slightly longer. The other alternative is that there is a real 
difference in the relative lengths of the sixth abdom inal somite. H ow ever, 
while this d ifferentiation may exist, single m orphom etric differences are not 
thought to be strong enough to designate new  species, as bias can result from 
preservation  or population  size. Specim ens of P a l a e m y s i s  from  G ranton are, 
therefore, not regarded  as a separate species from  the specim ens from  the 
Shrimp Member.
The m ost noticeable structure of P a l a e m y s i s  is the spinose frontal appendage 
p rev io u sly  described  as a rap to ria l second an ten n a  (W ood 1982). This 
appendage, how ever, is probably not the second antenna as a short flagellar 
appendage can be seen to em anate from  the base of the antennal scale can be 
seen on the complete specimen figured by W ood (1982, fig. 4) and Schram (1986, 
fig. 9-3). The question still rem ains as to w hat this appendage could represent. 
It cannot be the first antenna, or any of the thoracic appendages as these are 
easily accounted for. The only lim bs left w hich it could represen t are the 
maxillae, the maxillules, or the m andibular palp. One extant crustacean holds 
a clue to the origin of this limb. P e t a l o p h t h a l m o u s  W -Siihm 1875 has long 
spinose m andibu lar palps w hich extend well beyond the d istal end of the 
an tennal scale (Tattersall and  Tattersall 1951, Tattersall 1968, Schram  1986). 
The palp  of P e t a l o p h t h a l m o u s  is not m ultiarticulate as the appendages are in 
P a la e m y s i s .  As all these limbs overlap and  are fragm ented at the proxim al 
ends it is im possible from  the p resen t specim ens to d istin g u ish  the true 
re la tionships betw een these appendages and  the o ther frontal appendages. 
The illustra tion  of P a l a e m y s i s ,  by Briggs and C larkson (1983, pi. 20, fig. 4), 
ap p ears  to show  that the an tennal scale and  the sp inose ap p en d ag e  of 
P a l a e m y s i s  have a com m on basal segm ent. There is, how ever, a segm ent 
betw een the an tennal scale and the spinose appendage ind icating  that the 
spinose appendage is not the antennal flagellum.
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The sim ilarity  betw een P e t a l o p h t h a l m o u s  and P a l a e m y s i s  ex tends further. 
The structure of the tail fan is also similar. In P e t a l o p h t h a l m o u s  c a r ib b e a n u s  
the telson is rectangular, and equal in length to the long sixth abdom inal 
somite, and the distal end is arm ed with spines the longest of which occur on 
the distal lateral edges (Tattersall 1968). The u ropodal exopod of P a l a e m y s i s  
is m ore like that of P e t a lo p h th a lm o u s  a r m ig e r  although a lot shorter relative 
to the telson, in the w ay that the distal segm ent of the exopod is joined by a 
s tra igh t hinge. P a r a l o p h o g a s t e r  a t l a n t i c u s  has a sim ilar u ropodal exopod 
w ith a straight hinge betw een the distal m ost article (Tattersall 1937). The 
shape of the telson is sim ilar to that seen in M y s i d e l l a  a m e r i c a n a  (Banner 
1948). The flagellar nature of the distal articles of the pereiopodal endopods is 
com m on am ongst the m ysid crustaceans (Tattersall an d  T attersall 1951). 
A r c h a e o m y s i s  m a c u l a t a  has a m ulti-segm en ted  d is ta l end  to the th ird  
pereiopodal endopod, and in N e o m y s i s  a m e r i c a n a  an d  A c a n t h o m y s i s  co s ta ta  
the third through to the eighth pereiopodal endopods have m ulti-segm ented 
d ista l ends. The abdom inal p leura are rare  in the m ysids b u t have been 
recorded in G n a t h o p h a u s i a  i n g e n s .  These p leura, how ever, are sim ilar on all 
the abdom inal som ites, w hich differs from  those of P a l a e m y s i s  w here the 
second abdom inal pleura overlap those of the first and third.
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Plate 5.7
a) Lectotype of A n t h r a c o p h a u s i a  d u n s i a n a ,  from  G lencartholm , w ith arrow  
pointing to the large rostrum  (BGS 5819; X4.6).
b) P a la e m y s is  d u n lo p i  from the Shrim p M ember at Bearsden show ing soft-part 
preservation. The arrow  points to some blood vessels and muscle blocks (HM; 
X9.5).
c) P a l a e m y s i s  d u n l o p i  from  Bearsden w ith  arrow  p o in ting  to the second 
abdom inal-pleuron (HM A2751/1; X2.6). Photographed in toluene.
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Plate 5.8
a) A nterior appendages of P a la e m y s i s  d u n l o p i  w ith arrow  po in ting  to the 
second antenna (HM A2359; X3).
b) A nterior appendages of P a la e m y s i s  d u n l o p i  pho tog raphed  in w ater (HM 
A2745/3; X2.75).
c) Thoracic limbs (arrow ed) of P a la e m y s i s  d u n l o p i  p h o to g rap h ed  in w ater 
(HM G96; X2.75).
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Plate 5.9
a) A rticulated specim en of P a la e m y s i s  d u n l o p i  show ing pleopods (arrow ed) 
(HM A2740/1; X2.5).
b) Tail fan of P a la e m y s is  d u n lo p i  (HM A2745/6; X4).
c) Last four abdom inal somites of P a la e m y s is  d u n lo p i  show ing the abdom inal 
grooves (small arrow s) and the spine on the fifth tergite (large arrow ) (HM 
A2747/3; X5).
d) A nterior of P a l a e m y s i s  d u n l o p i  sh o w in g  m an d ib les  (a rro w ed ) (HM 
A2745/6; X6.25). Photographed in toluene.
e) Tail fan of P a la e m y s is  d u n lo p i  (HM A2749/4; X4).
f) Ventral view of tail fan of P a la e m y s is  d u n l o p i  show ing anal pore (arrow ed) 
(HM A2750; X2.1).
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Figure 5.18
a) O utline of lateral body shape of P a la e m y s i s  d u n l o p i  (HM A2740/1; scale- 
bar=0.5cm).
b) Dorsal view of the abdom en of P a la e m y s is  d u n lo p i  show ing the grooves on 
the 2nd, 3rd and 4th abdom inal tergites (HM A2751/1; scale-bar=0.5cm).
c) The 4th (a4), 5th (a5) and 6th (a6) abdom inal terg ites show ing  the 
abdom inal grooves and the spine (sp) on the 5th abdom inal tergite (HM 
A2747/3; scale-bar=0.5cm).
d) M andibles of P a la e m y s is  d u n lo p i  (HM A2745/6; scale-bar=0.25cm).
e) Specimen of P a la e m y s is  sp . from G ranton (Grant Institute Edinburgh; scale- 
bar=0.5cm).
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Figure 5.19
a) A rticu la ted  dorsal specim en of P a l a e m y s i s  d u n l o p i  show ing the first (a) 
and second (an) antennae (HM A2359; scale-bar=1.0cm).
b) Specim en of A n t h r a c o p h a u s i a  d u n s i a n a  from  G lencartholm  show ing  the 
form  of the abdom inal pleura (BM 1.519; scale-bar=1.0cm).
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Figure 5.20
a) R elationship  betw een  the sp inose frontal ap p en d ag es (sfa) and the 
m andibles (md) (HM A2745/6; scale-bar=l .0cm). an=first antennae
b) A n terio r ap p en d ag es  of P a l a e m y s i s  d u n l o p i  (HM A 2745 /3 ; scale- 
bar=1.0cm). sfa=spinosc frontal appendages, an=first antennae, as=antennal 
scale.
c) Detail of a thoracopod show ing the m ultiarticulate distal end (HM A2745/6; 
scale-bar=0.5cm).
d) Eight thoracopods ( th l, th8) of P a l a e m y s i s  d u n l o p i  (HM G96; scale- 
bar=1.0cm).
e) Thoracopods of a specim en of P a la e m y s is  sp . from  G ranton show ing sim ilar 
m ultiarticulate distal ends (HM; scale-bar=1.0cm).
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Figure 5.21
a-f) Tail fans of P a la e m y s is  d u n lo p i  a) HM A2745/6; scale-bar=1.0cm, b) HM 
A2751/4; scale-bar= 1.0cm, c) lateral view of HM A2750/6; scale-bar=1.0cm, d) 
HM A2749/4; scale-bar= 1.0cm, e) ventral view of HM A2750; scale-bar= 1.0cm,
f) specim en from  G ranton HM; scale-bar=1.0cm. te=telson, uen= uropodal 
endopod, uex=uropodal exopod.
g & h) Tail fans of A n t h r a c o p h a u s i a  d u n s i a n a  for com parison  (HM; scale- 
bar=1.0cm).
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Figure 5.22
a  &  b )  L a t e r a l  a n d  d o r s a l  r e c o n s t r u c t i o n  o f  P a l a e m y s i s  d u n l o p i  ( s c a l e -  
b a r = 2 . 0 c m ) .
c )  R e c o n s t r u c t i o n  o f  t h e  t a i l  f a n  o f  P a l a e m y s i s  d u n l o p i  ( s c a l e - b a r = 0 . 5 c m ) .
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O rder Palaeocaridacea Brooks 1962 
Fam ily S quillitidae 
Genus M in ic a r is  Schram 1979
Type species.- M in ic a r i s  b ran d i  Schram 1979.
Diagnosis (Schram 1979, pl09).-Peduncles of first and second antennae subequal. 
All thoracic segm ents equal in size. U ropods blade-like.
M in ic a r is  b ran d i  Schram 1979,
Plate 5.10a-g; Figs. 5.23a-e, 5.24.
1979 M in ic a r i s  b ra n d i  Schram. pl09-112, figs. 52-53.
Holotype.-GSE 13056 from  the Long Livingston Borehole no. 25, Lower Oil 
Shale G roup (Fig. 5.23b).
Diagnosis.- As for genus.
M aterial.- Six specim ens were obtained during  the excavation of the Bearsden 
locality, and  four m ore were recovered from the Red C leugh Burn locality. All 
specim ens are from  the Shrim p M em ber, and  from  the base of the N odular 
Shale M ember (Wood 1982), of the Manse Bum Formation.
D escription.- The three peduncles of the an tennu les extend as far as the 
anterior m argin of the antennal scale. The antennal scale arises from the second 
peduncular segm ent of the second antenna. There are two segm ents distal to the 
position of the antennal scale w hich give rise to the antennal flagellum . The 
antennal flagella are at least as long as the thorax. The cephalon has a shield 
w hich extends anteriorly to a point.
The thoracic som ites are all sim ilar in length w ith two transverse grooves and 
lateral ridges or bosses on the tergites. The thoracic tergites are tuberculose, 
w hereas, the stern ites are sm ooth. The thoracopods are b iram ous w ith a
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flagellar exopod and a stenopodous endopod. There may be some platey epipods 
although preservation  is not good enough to be certain of this. N ot all the 
tho racopods are well enough p reserved , and  a single s ty lized  lim b is 
represented on the reconstruction for this reason.
The first five abdom inal somites are sim ilar w ith posteriorly rounded  pleura. 
The sixth segm ent is longer than the other five and is rectangular. On the fifth 
abdom inal som ite there is a small process on the lateral m argin which may 
have originally been a small spine.
The pleopods, which are better preserved than the thoracopods, are biram ous, 
annulate, and setose, w ith one ram us longer than the other. The telson is narrow  
with twelve long (=200pm) lateral spines on each side. The posterior m argin of 
the telson has an additional pair of spines seen only under high m agnification 
(=40|im). The uropods are approxim ately the same length as the telson and are 
blade-like w ith a m edian groove. The u ropodal endopod is slightly sm aller 
than the exopod which has rounded diaeresis.
R em arks.- Several features of M i n i c a r i s , described  here, d iffer from  the 
original description by Schram (1979). The telson does not appear to form  a 
p leotelson w ith  the sixth abdom inal som ite. No tergal preservation  of the 
original specimens were reported by Schram (1979). The structures preserved on 
specim ens from  the M anse Burn Form ation are rem iniscent of S q u i l l i t e s  
s p i n o s u s ,  although, not enough detail is p reserved of M i n i c a r i s  to m ake it 
congeneric w ith S q u i l l i t e s .  The sim ilarities betw een these two genera include; 
the shape of the cephalic shield, the ornam entation  of the thoracic tergites, 
the m orphology of the thoracopods and the setiferous pleopods, the rem nants 
of a spine on the fifth abdom inal somite, and the m orphology of the tail fan.
There are, how ever, a num ber of differences w hich w ould  suggest, even if 
S q u i l l i t e s  and M i n i c a r i s  are congeneric, that they w ould not be considered as 
conspecific. The num ber of spines on the telson of S q u i l l i t e s  s p i n o s u s  (38) is 
g reater than  on the telson of M i n i c a r i s  b r a n d i  (26), the scu lp tu ring  of the 
abdom en is greater in S q u i l l i t e s  than in M in ic a r i s ,  and the uropodal exopod of
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Plate 5.10
a) V entral view of the thorax of M i n i c a r i s  b r a n d i  sh o w in g  p e re io p o d a l 
(thoracopodal) foramen (arrowed) (HM Min 1; X100).
b) Dorsal view of thorax (HM Min 1; X50).
c) Surface texture of the thoracic tergites (HM Min 1; X100).
d) Biramous and setose pleopods of M in ic a r i s  b ra n d i  (HM; X100).
e) D istal portion  of the telson show ing dissolution holes in the cuticle (HM; 
X250).
f & g) Tail fans of M in ic a r i s  b ra n d i  (f=HM G99, g=HM  A21502/2; both X32.5).
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Figure 5.23
a) Tail fan of M i n i c a r i s  b ra n d i  from the N odu lar Shale M em ber, Bearsden 
(HM G99; scale-bar=0.1cm).
b) Tail fan of the holotype of M i n i c a r i s  b r a n d i  (BGS 13056; scale-bar=as 
above).
c) M i n i c a r i s  b ra n d i  from  the Red C leugh Burn locality (HM A21502/2; scale- 
bar=0.25cm).
d) M in ic a r i s  b ra n d i  from the Red Cleugh Burn locality (HM A 21502/la; Scale- 
bar=0.25cm ). t8= eig h th  thorac ic  som ite , a l= f ir s t  ab d o m in a l som ite , 
pl=pleopod.
e) Detail of the structure of the thoracic tergites (HM Min 1; scale-bar=0.1cm).
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Figure 5.24
R econstruction of M i n i c a r i s  b ra n d i  show ing s tru c tu re  of tho racopods and  
pleopods (scale-bar~0.25cm).
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S q u i l l i t e s  has no diaeresis. M i n i c a r i s  has also been found in the Visean, 
G ranton Shrim p Bed, near E dinburgh (Briggs e t al. in  p rep .) ,  w here it occurs 
associated with crustacean genera similar to those found in the Shrimp Member 
of the M anse Burn Form ation. The d istribu tion  of this genus appears to be 
restricted to the M idland Valley of Scotland and ranges from the Visean into 
the N am urian.
Class M axillipoda
Subclass Copepoda
O rder Halicyna
Genus C y c lu s  De Koninck, 1841
Type species.- A g n o s t u s ?  ra d ia l i s  Phillips, 1836, C y c l u s  r a d ia l i s  (Phillips, 
1836) from the Carboniferous Limestone at Bolland, Yorkshire.
D iagnosis (em ended from  H opw ood  1925. p305-306).- C arapace oval to 
subcircular, w ith posterio r m edian  ridge w hich m ay b ifurcate anteriorly , 
radial structure to thoracic tergites.
C y c lu s  ra n k in i  W oodw ard 1868,
Plate 5.11a-c, 5.12a-g; Figs. 5.25a, b, 5.26a-c, 5.27a-d, 5.28a, b, 5.29a, b.
D iagnosis.- Subchelate an terio r limbs, spines on thoracic limbs, and  sixth 
thoracic limb m odified to point antero-m edially. Telson triangular w ith lobate 
and spinose furcae.
D escrip tion .- C y c l u s  is circular to oval in p lan  view  w ith  a dorsal shield 
(carapace) w hich extends to cover the whole anim al. The limbs, antennae, and 
caudal furcae extend beyond the edges of the carapace. The carapace is 
com posed of two thin cuticular divisions of which the outerm ost or epicuticle is 
very th in  and has been rem oved from  m ost specim ens to expose the slightly 
thicker low er division or exocuticle. The epicuticle has fine thread-like ridges 
w ith small pits covering the exterior surface. The exocuticle has a num ber of 
larger pores that cover the surface interpreted as cuticular ducts.
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The carapace tapers posteriorly and is indented to expose the short telson and 
caudal rami. The anterior has bosses, is truncated and raised with a m edian 
ridge which narrow s posteriorly  w here it splays into the outer m argin. The 
limb bases are expressed on the dorsal surface of the carapace as a circular 
im pression with radial sectors. The carapace extends beyond the limb bases to a 
m arginal flange.
Two pairs of an tennular flagellae, one longer than the body length w ith up  to 
60 articles, and the o ther shorter and seen only on one specim en. On one 
specim en (see Plate 5.12c; Fig. 5.28a) a short pair of anterior limbs are observed 
that m ay represent palps for m anipulating food fragm ents in front of the m outh 
parts. Posterior to this are two pairs of similar, robust, sub-chelate limbs with 
the th ird  to last article inflated and denticulate, and  the term inal articles 
curved anteriorly  over the inflated one. These are sim ilar in character to the 
limbs of some parasitic copepods. The next five pairs of thoracic appendages 
are similar, seven-segm ented, robust, have bristles on the lateral m argins, and 
all curve anteriorly. The last appendage before the tail fan is slender, curved 
m edially, and  is in terp re ted  as a sexual appendage or petasm a. The radial 
lim b bases are all laterally  attached to each o ther and  m edially  attached to 
the sternum .
The triangular telson and  lobate caudal furca appears attached to the posterior 
end of the m edial ridge of the thorax w ith either a m uch reduced  or absent 
abdom en. The ellipsoid furcal lobes are laterally spinose.
Remarks.- The d istribution of C y c l u s  in both coral reefs and lam inated shales, 
suggests that it was mobile. However, the limbs and general m orphology of the 
anim al indicate that this was not so. C y c l u s  does not have the limb structure 
nor the body shape of a planktonic sw im m ing copepod or a m odified parasitic 
copepod. The distribution of C y c lu s  into different environm ents suggests, also, 
that it w as not a benthic anim al. The association of C y c l u s  w ith  ep ifaunal 
b ivalves, L e i o p t e r i a , a ttached  to the cuticle suggests that it, also, lived 
epifaunally . The bivalve L e io p te r ia  is found abundan tly  in pockets, possibly
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rep resen tin g  ep ifaunal a ttachm ent to m arine algae. The w ide range of 
environm ents in w hich C y c l u s  can be found, therefore, indicates that it was 
transported into the different environm ents, possibly by floating m arine algae 
also. Extant copepods commonly colonise the marine flora (Cummings and Ruber 
1987, Bell e t al. 1988).
The C opepoda are found in nearly all aqueous environm ents (Palmer, 1969, 
R200). The Calanoida include free sw im m ing planktonic copepods, and the 
Cyclopoida include planktonic, benthic, and parasitic forms. Both these orders 
have superficial m orphological sim ilarities to C y c l u s .
In C y c l u s  the prosom e is m uch broader than the urosom e and the antennules are 
long, sim ilar to the Recent o rder Calanoida Sars, 1903, and  to the Miocene to 
Recent o rder Cyclopoida Sars, 1903. The prosom e, of C y c l u s , consists of a head 
region covered dorsally  and laterally by a cephalic carapace, a thorax w ith 
four to five segments bearing biram ous appendages. The urosom e consists of one 
or two thoracic som ites w ith appendages, four to six abdom inal appendages, 
and a term inal pair of setose caudal rami.
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Plate 5.11
a) Ventral view of C y c l u s  ra n k in i  from the Shrim p M ember at Bearsden (HM 
A2808b; X5). Arrow is pointing to the 'sexual' appendage.
b) Specimen from Lochermill associated w ith coprolite (HM ; X3.75)
c) Specimen from  the Red Cleugh Burn locality show ing the proxim al articles 
of the thoracic appendages (HM A21498a; X13).
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Plate 5.12
a) A rticu lated  specim en of C y c l u s  r a n k in i  from  Bearsden w ith L e i o p t e r i a  
attached (arrowed) (HM; X4). Photographed in toluene.
b) Specim en of C y c l u s  r a n k i n i  w ith  the cephalic shield rem oved to show 
dorsal view of thoracic tergites (HM; X3.5). Photographed in water.
c) A nterior portion of C y c l u s  r a n k in i  show ing small appendages w hich may 
represent m andibular palps (arrowed) (HM A2806/1; X15).
d) C y c l u s  r a n k i n i  w ith  L e io p te r ia  (w hite) a ttached  to the cephalic shield 
(HM; X7). Photographed in water.
e) C y c l u s  r a n k in i  show ing the posterior m argin of the cephalic shield curved 
anteriorly (arrowed) exposing the tail fan (HM; X4). Photographed in water.
f) C y c l u s  r a n k in i  p repared  to show abdom en (large arrow ) and ?gut (sm aller 
arrow ) (HM; X8.25).
g) Surface structure of the cuticle of C y c lu s  r a n k in i  (HM; X220).
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Figure 5.25
a) V entral view  of C y c l u s  r a n k i n i  from  B earsden  (HM A2808b; scale- 
bar=0.5cm ). sc= subchelate  an te rio r lim bs, an = an ten n a , th = th o raco p o d , 
cs=cephalic shield, sa=?sexual appendage, te=telson, cl=caudal lobe.
b) Ventral view of C y c l u s  r a n k in i  from  the Red C leugh Burn (HM A21498a; 
scale-bar=as above). sc=subchelate anterior limbs, pa=proxim al articles of the 
thoracopods, cl=caudal lobe.
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Figure 5.26
a) Dorsal view of C y c l u s  r a n k in i  w ith  the cephalic shield rem oved to show  
the thoracic tergites (HM; scale-bar=0.5cm). sc=subchelate anterior limb.
b) Poorly  p reserved  specim en of C y c l u s  r a n k i n i  (RMS 1981.63.9b; scale- 
bar=0.5cm).
c) V entrally p repared  specim en show ing abdom en (Abd) an d  possible gut 
preserved (HM, scale-bar=0.5cm). cl=caudal lobe.
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Figure 5.27
a) Specimen of C y c lu s  r a n k in i  show ing thoracic and cephalic appendages (HM 
A2806/1; scale-bar=0.5cm). sc=subchelate anterior limbs, th=thoracopods.
b) C y c l u s  r a n k in i  w ith L e io p te r ia  (le) attached  to the cephalic shield (HM; 
scale-bar as above). sc=subchelate anterior limbs, an=antenna.
c) Detail of the third thoracopod (HM A2807b; scale-bar=0.25cm). spb=spine 
base.
d) Specimen of C y c l u s  r a n k in i  from  Locherm ill associated w ith a coprolite 
(HM; scale-bar=0.5cm). sc=subchelate anterior limb, cop=coprolite.
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Figure 5.28
a) Detail of anterior limbs of C y c l u s  r a n k in i  (HM A2806/1; scale-bar=0.25cmh 
sc=subchelate anterior limbs, mp?=possible m andibular palp.
b) Detail of the subchelate anterior limbs (HM A2807b; scale-bar=0.25cm).
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Figure 5.29
a) D orsal reconstruction  of C y c l u s  r a n k i n i  w ith  part of the cephalic shield 
rem oved to show the thoracic tergites.
b) Ventral reconstruction of C y c l u s  r a n k in i .
(Scale-bar=0.5cm)
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5.6 C uticular m icrostructure (Plate 5.13, 5.14).
Despite the volume of work done on fossil Carboniferous crustaceans, very little 
atten tion  has been given to the cuticular m icro-structures. C uticular m icro­
structures have been described previously from some fossil crustaceans from the 
Silurian (Rolfe, 1962) and also from the Jurassic and Cretaceous (Neville and 
Berg, 1971, Taylor, 1973, Simpson and M iddleton, 1985, Feldm ann and Tschudy 
1987). It is found that the cuticles of these crustaceans preserve m uch detail of 
the m icro-structure as a result of varying degrees of diagenetic phosphatisation 
or decalcification. The cuticle of the Jurassic and Cretaceous decapods exhibit 
few differences to that of extant decapods, a lthough Taylor (1973) noted the 
absence of tegum ental ducts and  the ab rup t term ination  of the pore canals 
beneath the exocuticle of Cretaceous decapods.
M any of the structures observed here w ere previously thought to be features of 
extant crustaceans (Taylor 1973, p. 98). The pore canals term inating beneath the 
exocuticle of H o p l o p a r i a  s t o k e s i  w ere th o u g h t to in d ica te  a p rim itiv e  
condition, although they m ay have been obscured by diagenesis (Taylor 1973, 
p .99). The sm aller pits on the exocuticle of T e a l l i o c a r i s  illustra ted  by Briggs 
and  C larkson (1985a, p .190 fig.l 5g; p.196 fig.21c-e) have been in terpreted  here 
as pore canals, and the larger pits as cuticular ducts. The polygonal structures on 
the epicuticle of the carapace and the epicuticle of the sixth thoracic endopod 
of T e a l l i o c a r i s ,  illustrated  by Briggs and C larkson (1985a, p.176 fig.3h; p.197 
fig.22c), indicate a uniform  expansion of the epicuticle as the exocuticle and 
endocuticle harden after ecdysis
Three m ajor subdiv isions of the cuticle are recognised, the epicuticle, the 
exocuticle, an d  the endocuticle. The em ergence line, w here the ecdysial 
m em brane forms du rin g  the absorption of the endocuticle (Travis 1954, 1955, 
1957), can also be recognised at high m agnifications on broken sections of the 
cuticle. The exocuticle usually  has sm aller lam inar spacing than the outer
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endocuticle in extant Crustacea, and the presence or absence of the latter can be 
used to differentiate between carcasses or exuviae in fossil specimens.
Etched and oblique sections of the cuticle of T e a l l io c a r i s  seem to support the 
helicoid u ltrastruc tu ral m odel of the cuticle by Bouligand (1965) (see Plate 
5.13, 5.14). The pore canals form  parabolic arcs in both oblique and etched 
surfaces similar to those seen in Cretaceous crustaceans (Dalingwater 1977) and 
extant arth ropods (Neville 1975).
As the extent of calcification of crustaceans depends on which parts are more 
ad v an tag eo u s (Mills et al. 1976), the thicker cuticle of T e a l l i o c a r i s  (=60pm) 
suggests that it needed to protect itself against environm ental factors such as 
excessive diffusion of salts, or predators, m ore than d id  the crustaceans w ith 
thinner cuticles, such as P a la e m y s i s  (=35|im) and C r a n g o p s i s  (=20pm).
The body of crustaceans has m any sites for chemo- and  m echano-reception 
(P h illip s  e t al. 1980). They are positioned over m ost of the cuticle so as to 
respond to w ater currents or other stimuli. The tegum ental ducts in the cuticle of 
T e a l l i o c a r i s  continue th rough  the epicuticle to open as m icroscopic pores 
which m ay have originally been used for chemo- or m echano-reception. Briggs 
and C larkson (1985a, p i 95) recorded closely spaced dom es superim posed on 
fibres exh ib iting  a crescent d istrib u tio n  on the in terna l surface of the 
abdom inal tergite of T e a l l i o c a r i s  w o o d w a r d i  Peach 1908 from  G ullane. The 
'dom es' are in fact large pits (>20|i diam eter), representing the cuticular ducts, 
w hich are w idely d istribu ted  w ithin the exocuticle of the entire shrim p. The 
pores on the surface of the epicuticle of T e a l l i o c a r i s  are com parable in size 
(~1|_l) to the external expression of the pore canals of ex tan t crustaceans 
(Neville 1975, p35). The fibres described by Briggs and  C larkson (1985a) in 
T . w o o d w a r d i  from  Gullane, are sim ilar to the pore canals of extant crustaceans 
which are thought to be involved in the transport of wax or lipids to give some 
cuticular stability following ecdysis (Neville 1975, p. 35).
The concentration of tegum ental ducts in the cuticle of T e a l l i o c a r i s  varies 
betw een localities w here the salinity is thought to be m arine, and those where
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extreme salinities exist. At Gullane the num ber of tegum ental ducts per sq. mm,
depending on the carapace length, is greater than that found for the cuticle of
CAppendix HO-
T e a l l i o c a r i s  from  B earsden, G lencartholm , and D uns (B erw ickshire)/ The 
num ber of tegum ental ducts per sq. m m  decreases w ith increasing carapace 
length suggesting that the total num ber of ducts does not increase significantly 
w ith  size. At G ullane, w here the salin ity  conditions are non-m arine, the 
num ber of tegum ental ducts per sq. m m  on the surface of the carapace is greater, 
indicating that it had to be m ore aw are of the surrounding environm ent. If this 
is the case, then it is likely that the tegum ental ducts were m ostly used as sites 
for chemoreception, perhaps to m onitor the salinity conditions.
O ther structures such as the num ber of anterolateral spines on the carapace and 
on the antennal scale of T e a l l i o c a r i s  also vary  betw een  env ironm ents w ith 
d iffe ren t salin ity  conditions. At G ullane, and  o ther localities w ith  a low 
crustacean diversity, there are fewer spines on the antennal scales and on the 
carapace than at localities w here there is greater crustacean diversity, such as 
Glencartholm  and Bearsden.
The surface texture of P a l a e m y s i s  is different to that of T e a l l i o c a r i s  in that it 
appears to lack the abundant pore canals and cuticular ducts on the exocuticle of 
the latter. C r a n g o p s i s  and  C y c l u s , how ever, b o th  have p itted  epicuticles 
w hich m ay represent term inations of cuticular ducts. C r a n g o p s i s  has a large 
num ber of tegum ental ducts per sq. m m  (=1000 on the carapace) which m ay also 
reflect a need to m onitor the surrounding salinity conditions, w hereas, there are 
very few tegum ental ducts visible on the surface of the cuticle of P a la e m y s i s .
The num ber of ducts in the carapace of C r a n g o p s i s  per sq. m m  is low er than 
that recorded  for the Silurian pod-shrim p C e ra t io c a r is  p a p i l io  (=2,356 per sq. 
mm), bu t closer to that for D ith y r o c a r i s  i n s i g n i s  (800 per sq. mm) (Rolfe 1962).
The epicuticle of C y c l u s  has structures sim ilar to those of copepods. The pores 
on the surface are sparsely distributed am ongst thread-like corrugations of the
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cuticle (Laverack and Barrientos 1985, p. 132). These structures were found to be 
unique to C y c lu s  in this study (see Plate 5.12g).
Plate 5.13
a) C uticular m icrostructure of an etched section of the carapace of T ea l l io ca r is  
r o b u s t a  from  B earsd en  (HM ; X200, sca le -bars= 10pm ). O p en  circ le  
=recrystallized-phosphate, open triangle=pore canals.
b) Detail of the recrystallized-phosphate portion of the cuticle (HM; X3200, 
scale-bars= l|im ).
c) Detail of the pore canals (open square) and tegum ental duct (closed triangle) 
(HM; X800, scale-bars=10pm).
d) Detail of the pore canals show ing helical s tructu re  (HM; X3200, scale- 
bars= l|im ).
e) C lose-up of the pore canals show ing the m am illated surface texture (HM; 
X12500, scale-bars=l(im).
f) D ifferent exposure of the above (e) to show  that the pore canals are 
continuous (HM; X12500, scale-bars=lfim).
g) Broken section of the cuticle of T ea l l io ca r is  e t h e r i d g i i  from  G lencartho lm  
show ing the exocuticle (ex), the endocuticle (en), and  the line of em ergence 
(arrow ed) (HM; X1200).
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Plate 5.14
a) Thin-section in p lane-polarized light of the cuticle of T e a l l io c a r i s  r o b u s ta  
from Bearsden (HM; X385). Arrow points to a tegum ental duct.
b) O blique section th rough  the cuticle of T e a l l i o c a r i s  r o b u s t a  in plane- 
polarized light show ing the arcuate natu re  of the pore canals (HM; X690). 
Arrow points to a tegumental duct.
c) Broken section of the cuticle of T ea ll io ca r is  w o o d w a r d i  show ing the surface 
of the epicuticle (white square) and the exocuticle (black square) (HM; X220). 
Arrow points to a tegumental duct.
d) Broken section of the cuticle of C r a n g o p s i s  e s k d a le n s i s  from  B earsden  
show ing the exocuticle (ex), the endocuticle (en), and the em ergence line 
(arrow ed) (HM; X1700).
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Palaeoecology.
6.1 Palaeocom m unities.
There have been m any in terp re ta tio n s on w hat constitu tes a biological 
com m unity. To be able to discuss a fossil assemblage in term s of a com m unity or 
com m unities, it is im portant to understand w hat a com m unity represents in the 
eco log ical sense , an d  w hat lim ita tio n s  th is h as  on palaeoeco log ica l 
in terpretations. In an abstract form, com m unities m ay be based on general 
a ttrib u te s , such as the recurrence of su ites of species or the degree of 
interspecific interaction. More concisely, a com m unity m ay be taken to represent 
an  assem blage of organism s inhab iting  a specific space (Johnson 1964). 
Com m unities, in an  ecological fram ew ork, m ay be described in term s of the 
constituent species, num bers of individuals, biom ass, and  the proportion  of 
various ecological roles rep resen ted  (Johnson 1964). The boundaries of a 
com m unity are usually poorly defined as m any of the constituent species may 
freely mix w ith neighbouring com m unities (Kauffm an and Scott 1976). It is 
inappropria te  to apply biological com m unity structure to m ost fossil examples 
as the m any of the constituent species m ay not have been preserved. It is 
necessary , therefo re , to erect a d iffe ren t set of p a ram eters  to define a 
palaeocom m unity  in o rder to show that it represen ts a p a rt of a biological 
community.
Palaeoecological com m unities, or palaeocom m unities, m ay be defined by 
detailed analysis of a fossil assemblage using criteria such as character species, 
recurring sets of species, dom inant species, and the physiognom y of com ponent 
species (Scott 1976). It is inappropriate, for example, to consider the ecology of 
C arboniferous shrim p-bearing  shales holistically, as m ost of the soft-bodied 
an im als are no t p reserved  and it is difficult to assess w hich of the non­
crustacean taxa w ere co-occurring w ith the crustaceans. To have been able to 
consider a palaeocom m unity holistically it w ould have been necessary to study 
the total biotic com position, species interactions, and the interactions w ith the
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environm ent (Kauffman and Scott 1976). It is im portant, however, to recognise 
that the palaeocom m unity represents a part of a holistic ecological unit when 
considering the palaeoecological interactions of the constituent species. The 
resu lt should  be a hypothetical m odel describ ing  the biotic in teractions 
necessary to the existence of a com m unity (Valentine 1973). One of the most 
im portan t criteria in determ ining w hether interactions betw een species may 
have taken place, is the identification of a recurring population of organism s 
over a geologically significant period of time, or a chronofauna (Olson 1952).
O ther im portan t features of com m unity analysis include the evolution of the 
environm ent through time, the nature of the life cycle of individual organism s, 
and changes in the availability of nutrients. Time m ay represent anything from 
the seasonal variations of the environm ent to the longer time spans represented 
by features such as transgressions or regressions. This dynam ic natu re of 
palaeoecology can be observed in the study  of sedim entary sections in detail. 
The changes in the environm ental conditions are em phasized by the related 
changes in the diagenetic and taphonom ic processes. This m eans that a change 
in the environm ental conditions m ay not only affect the biotic composition, but 
m ay also affect the preservation potential of som e of the ind iv idual taxa. In 
the case of the crustaceans, if they had  not been affected by a phase of early 
p hosphatisa tion  then their p reservation  poten tial w ould  have been greatly  
reduced. This is evident from  the various states of preservation in the shales, 
and  the rap id  bacterial decay observed in m odern crustaceans (Plotnick 1986, 
A llison 1988).
6.1.1 Definition of a palaeocom m unity as related to the crustacean assemblages. 
For the p u rposes of this thesis a p a l a e o c o m m u n i t y  w ill be defined as an 
assem blage of g en e ra /sp ec ie s  w hich are sim ilarly  p reserved  (undergone 
sim ilar taphonom ic and  early  d iagenetic  processes), an d  are found  in 
associa tion  rep ea ted ly  w ith in  a sing le litho logical u n it rep resen tin g  a 
significant period of time. If an  assem blage of species has been defined as a 
palaeocom m unity at one locality, and the same assem blage of species is found 
e lsew here , then  bo th  these assem blages are  considered  to rep resen t a 
palaeocom m unity. These two palaeocom m unities are unlikely to be part of the
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sam e palaeocom m unity, despite having the same constituent species, unless 
there is good evidence that one gave rise directly to the other. This can occur 
w h e re  the p a la e o co m m u n itie s  b e lo n g  to the  sam e, or ad jacen t, 
palaeogeographical environm ent at an equivalent geological horizon.
If a group of organism s co-occur at only one locality in a thickness of sedim ent 
not considered to represent a significant period of time, then the group  of 
organism s will be called an a s s e m b la g e .  If two, or m ore, geological horizons 
have the same, or similar, constituent genera/species but each horizon does not 
represent significant periods of time, the groups of organism s cannot be taken to 
re p re sen t p a laeo co m m u n ities  and  w ill be called p a r a l l e l  a s s e m b l a g e s .  
Palaeocom m unities will be nam ed first by the geographical area or locality 
nam e and then by the constituent taxa.
Palaeocom m unities m ay be defined differently depending  on the nature of the 
deposit and  the constituent organism s. A significant period  of tim e m ay be 
considered as being instantaneous w hen rapid burial or m ass m ortality occurs to 
preserve the palaeocom m unity. It is m ore reliable, how ever, in the m ajority of 
cases, to define a palaeocom m unity in term s of the persistence of a particular 
assem blage over a period of time. This w ould indicate that the assem blage of 
organism s w as m ore likely to have interacted as a com m unity.
The period of time which is considered to be significant is highly subjective, as 
a living com m unity  m ay represent a g roup  of in teracting organism s at any 
instan t in time. In term s of the crustacean-bearing shales from  the w estern 
M idland Valley of Scotland, one centim etre m ay represent 100 years, assum ing 
that one lam ination couplet (organic/inorganic) represents one year. D uring the 
excavation , collection and  record ing  of faunas occurred  every  0.5-2.0cm, 
providing a resolution of 50-200 years. A significant period of time, in this case, 
is taken to represent a period of greater than 200 years. The reason for assum ing 
that each lam ination represents one year is that the increased nu trien t input 
into the area is likely to be due to an annual w et-season at h igher latitudes, 
w ith in  th eL au rasian  continent, resu lting  in an increase in the river w ater 
volum e entering the equatorial MVS.
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6.1.2. D efinition of the W estern M idland Valley of Scotland C rustacean 
Palaeocom munity.
The crustaceans from the Shrimp M ember of the Manse Burn Formation, used in 
this palaeoecological study, are all sim ilarly p reserved  by phosphatisation  
events. These events occurred rap id ly  causing the phosphatisa tion  of the 
crustaceans which lived together at any m om ent in time. There are also a large 
num ber of crustaceans w hich are less well p reserved as a resu lt of rapid  
bacterial decay to form radially  crystallized m icroconcretions w hich are not 
in c lu d ed  in  the p a laeo co m m u n ity  as they  w ere no t p re sen t d u rin g  
eu tro p h ic a tio n , w hich  re su lted  in  the  p h o sp h a tisa tio n  ev en ts . O ther 
crustaceans were not phosphatised and did not decay, bu t were affected by an 
early dissolution of the cuticle followed by a reprecipitation of d rusy  calcite in 
the resu ltan t pore space. These non-phosphatised  crustaceans are also not 
included in the for the same reason.
Because of the d ifferen t p reservation , m ost of the o th er non-crustacean  
organism s have not been included in the palaeocom m unity, bu t they have been 
considered in term s of the assemblage as a whole to dem onstrate variations in 
the environm ental conditions. Only in the case of facultative com m ensalists, 
such as L e i o p t e r i a  sp .  attached to the carapace of C y c l u s  r a n k i n i , can direct 
associations be m ade betw een d ifferen t organ ism s w hich are d ifferently  
preserved.
The crustaceans found w ithin the Shrim p M ember of the M anse Bum  Formation 
m ay be considered to represent a palaeocom m unity for the following reasons:
1) the constituent crustacean genera are sim ilarly preserved by rapid  
p h o sp h a tisa tio n ,
2) the Shrim p M em ber is a single lithology representing a significant 
period of time (=33600 years) in w hich the association of species is repeated,
3) the com m unity  is confined  to a restric ted  geograph ical area 
in terpreted  as a back-barrier lagoon,
4) the same taxonomic association is also found in the Granton Shrimp 
Bed (Visean) which, therefore, also represents a palaeocom m unity (see section 
6.1.1) (ie: given the same conditions, it is a repeatable phenom enon).
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The palaeocom m unity  is called the W e s t e r n  M i d l a n d  V a l l e y  o f  S c o t l a n d  
C r u s t a c e a n  P a l a e o c o m m u n i t y  and consists of the following crustacean genera 
which are thought to have lived contem poraneously w ithin the back-barrier 
lagoon: C r a n g o p s i s ,  P a l a e m y s i s ,  T e a l l i o c a r i s ,  C y c l u s , and T y r a n n o p h o n t e s .
One other crustacean genus, M i n i c a r i s ,  is also found associated w ith the above 
com m unity, but is not thought to have lived in association w ith the above 
crustaceans due to different preservational characteristics. This crustacean is, 
therefore, not considered as part of this community.
6.1.3 Palaeocom m unity evolution.
Olson (1966) used the term  'com m unity' in a very broad sense to show that the 
basic trophic structure and interactions rem ain constant in any environm ent 
th rough geological time. The survival of a com m unity through geological time 
is not dependent on the biotic com ponents as these die out to be replaced by 
taxonom ically or ecologically equivalent taxa (Olson 1966). This m ust not be 
confused w ith  faunal succession w hich is related  pu re ly  to environm ental 
changes over a shorter period of tim e in a particular area (McCall and Tevesz 
1983). The recognition of sim ilar faunal successions in d ifferent geological 
periods indicates sim ilar environm ental controls, and m ay be used as a tool in 
d eterm in ing  com m unity  evolution (W alker and Laporte 1970, Sepkoski and 
Sheehan 1983).
To determ ine the factors w hich w ould  affect W estern M idland  Valley of 
Scotland C rustacean Palaeocom m unity, it is necessary to look tow ards extant 
com m unities in sim ilar latitudes w here environm ental seasonality appears to 
be the m ost significant factor. In the equato rial reg ions, so lar rad ia tio n  
intensity does not vary m uch and is unlikely to affect com m unities directly. The 
d istribution of the continents, how ever , will cause seasonal climatic pressure 
gradients due to changes in the solar radiation intensity. This in turn  m ay cause 
changes in the velocity or direction of ocean surface currents (Valentine 1983). 
T em perature variations of the ocean surface w aters in equatorial regions is 
q u ite  sm all and  therefore has little effect. Salinity varia tions m ay be quite
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high due to freshw ater incursions by rainfall or river transport, or by high rates 
of evaporation, and can severely affect benthic com m unities, although, benthic 
com m unities destroyed by freshw ater influxes m ay re turn  w ith the return  of 
m arine conditions. As the freshw ater is likely to be richer in nutrien ts than 
m arine w aters, a seasonal influx of freshw ater will p roduce a seasonal 
phytoplanktonic bloom.
Low species d iversity  occurs in areas of high seasonality, w here there is a 
tendency for trophic generalists to survive best. The resulting com m unities are 
dom inated  by species feeding on the low er trophic levels (Valentine 1983). 
C om petition and p redation  are im portant features of high and Iow-diversity 
com m unities. There is a rela tive increase in p red a to r d iversity  in high- 
d iversity  com m unities presum ably  related to the increase in the num ber of 
trophic levels present (Valentine 1983).
Com m unities in nearshore situations appear to expand offshore through time 
d u e  to extinction resistance, adap ta tion , and  co-adaptation  (Jablonski and 
Bottjer 1983, Sepkoski and  Sheehan 1983). A generalist nearshore, therefore, 
becomes a specialist offshore. Individual taxa w ithin a com m unity m ay affect 
their ow n evolu tionary  and adap tive  poten tial due to spatial variations in 
com m unity  com position, especially un d er stressful conditions (W ilson 1976). 
This w ould  result in the com m unity adap ting  to the ind iv idual, assum ing a 
certain am ount of control of the com m unity over its com ponent species.
In theory , therefore, palaeocom m unities from  d ifferent geological periods, 
assum ing  sim ilar geographical environm ents and environm ental seasonality, 
should  exhibit sim ilar trophic structu re desp ite  any  taxonom ic differences. 
This has been dem onstrated by a study  of sim ilar environm ental successions of 
O rdovician  and  D evonian com m unities w here there  had  been substan tial 
taxonomic changes (W alker and Laporte 1970).
As the taxonom ic constituents of a com m unity m ay be replaced by ecological 
equ ivalen ts w hich are not necessarily of the sam e taxonom ic g roup , it is 
im portant not to restrict a study of com m unity evolution to any single taxon.
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The W estern  M idland Valley of Scotland C rustacean  P alaeocom m unity , 
how ever, does not exist elsew here at a h igher s tratig raphical level. This 
w ould have been expected if the palaeocom m unity persisted through time. The 
palaeocom m unity  m ust, therefore, have been d isp ersed  p rev en tin g  the 
persistence of this com m unity through geological time.
6.1.4 Crustacean palaeocommunities and com m unity evolution.
Schram (1981a) described four Carboniferous com m unities in which crustaceans 
were noted as the most significant com ponent. Four crustacean feeding types 
w ere recognised to define the trophic structu re  of these com m unities, (1) 
rapacious carnivores, (2) low-level carnivores or scavengers, (3) filter feeders, 
and (4) detritus algal feeders and grazers. As Schram does not deal w ith the 
non-crustacean associated biota, it is not possible to construct a full picture of 
the com m unity structures. Even if the other taxa w ere considered, it w ould be 
difficult to determ ine w hether they form ed p art of the original in teracting 
community.
Each individual crustacean taxon is assum ed to belong to a single feeding type 
by Schram (1981a). This produces a false im pression of the interactions between 
the crustaceans and the com m unity, as a whole, as crustaceans m ay perform  a 
num ber of feeding m odes. P r o c a r i s ,  for exam ple, is considered a facultative 
feeder as it feeds by passive predation, scavenging, and grazing (Provenzano 
1978, A bele an d  F elgenhauer 1985). Of the p a laeo co m m u n ity  u n d e r 
co n sid era tio n  here, T e a l l i o c a r i s  m ay also have been a facultative feeder 
having sim ilar limb m orphology to Procaris  (see section 5.6).
A lthough the taxonom y of the C arboniferous crustaceans is less well know n 
than  Schram  (1981a) suggests, it is still possible to infer possible feeding 
hab its, and  hence trophic levels, from  m orphology . M any of the basic 
m orphological characteristics relating to the feeding processes are know n from 
prev ious descrip tions of these fossil crustaceans (Peach 1908, Schram  1979, 
Schram 1981a), and it is possible to determ ine the feeding m odes (Fig. 6.1) using
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limb m orphology, in a sim ilar m anner to that attem pted by Schram (1981a). 
Schram  (1981a) also suggests that the high-diversity  crustacean faunas from 
'near-shore' environm ents m ay have acted as a reservoir for some elem ents 
found in other environments.
Figure 6.1 Crustacean feeding types within the Shrimp Member.
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The major factors affecting the recognition of crustacean com m unity evolution 
include the preservation  potential of the crustaceans, and the d istribu tion  of 
the continents from the U pper Devonian to U pper Carboniferous. Environm ents 
prom oting  the early  diagenetic phosphatisation  of crustaceans in restricted, 
low -energy bodies of w ater in equatorial and tropical regions becam e more 
com m on in the C arboniferous, prior to the closure of the sea-w ay betw een 
Laurasia and G ondw ana in the Perm ian (Smith et  al. 1973, Schram  1977). As a 
resu lt of this increase in preservational environm ents, it appears as though 
there is a rap id  radiation of hoplocaridans and eum alacostracans in the Lower 
Carboniferous, apparently  evolving from  a few poorly preserved genera in the 
D evonian (Schram 1977). It seems m ore likely that m alacostracan crustaceans 
evolved m ore slow ly from  Lower D evonian ancestors w hich w ere not now  
preserved (see section 3.1).
In the Perm ian the crustaceans become less diverse consisting m ainly of species 
from  restric ted  env ironm ents. These becom e even  ra re r by the Triassic, 
a lthough, decapod crustaceans from  the m arine environm ent becom e m ore 
common (Schram 1977).
212
The crustacean radiation in the Lower Carboniferous, coupled w ith the poor 
state of preservation of specim ens before the 'radiation ' and also from post- 
C arboniferous deposits, suggests that these observations are greatly influenced 
by taphonom ic and  early  diagenetic p reservation  poten tials, ra ther than 
relating to a true evolutionary feature of the com m unities or individual taxa. It 
is possible that these preservational environm ents did not exist, or were very 
rare, before and after the Carboniferous, or that the com m unities m oved from 
and into environm ents where their preservation potential was greatly reduced. 
It is, therefore, not possible to study  crustacean com m unities in term s of 
community evolution.
6.2. Palaeoecology of the Western M idland V alley of Scotland Crustacean 
Palaeocommunity.
Previous ecological studies of C arboniferous m alacostracan crustaceans have 
centred  on their trophic level and faunal associations, resu lting  in general 
concepts of their salinity tolerances (Schram 1981a). The salinity tolerances 
are usually  d iscussed in term s such as, fresh to brackish (Baird e t  al. 1985, 
C larkson 1985), m arine (Briggs and  C larkson 1983, Baird et  al. 1985, C ater 
1987), non-m arine (Copeland 1957), hypersaline (Dewey and F lh raeus 1982).
It was noted by Schram (1981a) that several late Palaeozoic crustaceans could 
tolerate a num ber of d ifferent environm ents, as m any crustacean species are 
found w ith in different associations. Hesselbo and Trewin (1984), for example, 
no ted  th a t T e a l l i o c a r i s  w as an o p p o rtu n is t w hich  p ro life ra ted  in the 
favourable non-m arine conditions at Gullane, bu t was found in m uch reduced 
num bers in more marine conditions at Granton.
To fu rther constrain  the physiological and  environm ental tolerances of the 
C arboniferous crustacean genera from  the Shrim p M em ber, the autecology, 
synecology, and  the distribution of these crustaceans are here discussed.
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6.2.1. Synecology and d istribu tion  of the crustacean genera in the W estern 
M idland Valley of Scotland Crustacean Palaeocommunity.
Synecology is the study  of the relationship betw een com m unities and their 
environm ent (Bates and Jackson 1987, p668), and autecology is the study of the 
relationship betw een individual organism s, or species, and their environm ent 
(Bates and Jackson 1987, p45). The com position of the com m unity is variable, as 
m any of the genera are adapted  to different broad environm ental conditions 
w hich overlap. The environm ental tolerances of the different genera can be 
in terp re ted  from  their faunal associations, and  their d istribu tion  w ithin the 
restricted area covered by the Shrim p Member. A lthough it is possible that the 
crustaceans studied from the Shrimp M ember interacted as a com m unity, it can 
be show n from their lateral d istribution w ithin the confines of the back-barrier 
lagoon, that the interactions were lim ited to areas w here their environm ental 
tolerances overlapped. The environm ental tolerances of the crustacean genera 
from the Shrim p M ember are discussed below in term s of the com m unity as a 
whole and of each individual genus.
The environm ental tolerances of T e a l l i o c a r i s  have been the subject of m uch 
controversy, as hypersaline lagoons to therm ally  stratified lakes have been 
suggested for this crustacean's life environm ent. Tea l l i ocari s  occurs abundantly  
at G ullane, bu t is associated w ith  only rare  ostracodes, fishes, hydro ids, 
scorp ionid  fragm ents, and  p lan t fragm ents (Briggs and  C larkson 1985a), 
w hereas, at Bearsden and G ranton, it is only a m inor constituent of the fauna 
w hich  consists m ain ly  of o ther crustacean  genera such  as: C r a n g o p s i s ,  
P a l a e m y s i s ,  T y r a n n o p h o n t e s ,  M i n i c a r i s ,  and  others. At G lencartholm , near 
Langholm  in Dumfriesshire, it is also a m inor constituent, but is associated with 
a m ore d iverse crustacean  fauna. If P s e u d o t e a l l i o c a r i s  is considered to be 
allied to T e a l l i o c a r i s  (see C hapter 5), then a m ore com plete p icture of the 
salin ity  tolerance of T e a l l i o c a r i s  em erges, as this genus appears a t several 
localities in N orth  A m erica (C opeland 1957, Factor and  Feldm ann 1985, 
Schram  1988). The w idesp read  d istrib u tio n  of th is genus, the paucity  of 
specimens from normal marine environm ents, and the abundance of specimens in 
h igh salinity environm ents supports the view of Hesselbo and  Trew in (1984) 
that T e a l l i o c a r i s  w as an opportun ist. Hesselbo and Trew in (1984) suggested,
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how ever, that the environm ent in which T e a l l i oca r i s  is found at Gullane was 
that of a therm ally  stratified  lake or brackish  lagoon, ra ther than  being 
hypersaline. The tropical position of the environm ent in w hich T e a l l i o c a r i s  
lived, and the dolomitic com position of the sedim ents at Gullane, m ay support 
the m ore saline habitat suggested  here. Dewey and Fdhraeus (1982) also 
suggest a preference for a hypersaline habitat for T e a l l i o c a r i s  from  Lower 
Carboniferous of N ew foundland, although it was also found in small num bers in 
more normal marine environments.
In the Shrim p M ember of the M anse Burn Form ation, Teal l i ocari s  is a m inor 
elem ent of the fauna, and has only been found in the m ore eastern localities of 
Bearsden, Spouthead, and East Kilbride (Fig. 6.2).
C r a n g o p s i s  is ano ther C arboniferous crustacean w hich occasionally occurs 
m ostly alone w ith only small populations of o ther faunal elem ents, such as in 
the sedim ents representing a brackish w ater environm ent at Ardross, near Elie 
in Fife (W hite 1937), or associated w ith a d iverse crustacean fauna, such as at 
G len carth o lm  (Schram  1983). A t G ran to n  the d o m in a n t c ru stacean , 
W a t e r s t o n e l l a ,  m ay be synonym ous w ith C r a n g o p s i s  (see C hapter 5) m aking 
C r a n g o p s i s  the dom inant genus also in environm ents of periodic norm al m arine 
salinities. It has not been recorded  from  freshw ater env ironm ents, bu t is 
certainly found in brackish and m arine environm ents. C r a n g o p s i s  is unlikely to 
represen t an opportun ist genus, as it invariably dom inates the com m unities 
w henever it occurs. This indicates that it had successfully adapted  to a range of 
env ironm enta l conditions w ith no particu la r com petitive restra in ts. It is, 
therefore, a euryhaline crustacean w hich w as able to live in salinities low er 
than  that tolerated by T e a l l i o c a r i s .  A s  it is not found in the extrem e salinity 
conditions of freshw ater or hypersalin ity , it is un likely  that it w as able to 
o sm oregu late  to the sam e degree as T e a l l i o c a r i s  an d  can, therefore, be 
considered as an osm oconformer relative to Teal l iocaris .
In the Shrim p M em ber of the M anse Burn Form ation, C r a n g o p s i s  is found 
abundan tly  across the full extent of the area covered by this m em ber. In the 
eastern portion, it is found associated w ith the m ore d iverse crustacean fauna,
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a n d  i n  t h e  w e s t ,  i t  i s  f o u n d  w i t h  o n l y  t h e  a b u n d a n t  b i v a l v e  s p a t  c h a r a c t e r i s t i c  
o f  t h e  S h r i m p  M e m b e r  a c r o s s  t h e  l a g o o n  ( F i g .  6 .2 ) .
F i g u r e  6 . 2  M a p  o f  t h e  c r u s t a c e a n s  d i s t r i b u t i o n  w i t h i n  t h e  l a g o o n  
( C - C r a n g o p s i s ;  P = P a l a e m y s i s ;  C y - C y c l u s ;  T - T y r a n n o p h o n t . e s ; 
T c  = T e a l l i o c a r i s ;  M = M i n i c a r i s ;  a r r o w s  a n d  - s a l  i n d i c a t e  t h e  d i r e c t i o n  o f  
d e c r e a s e  i n  s a l i n i t y ) .
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In the case of P a l a e m y s i s ,  and T y r a n n o p h o n t e s ,  the salinity ranges tolerated 
by these two genera appears to be quite small. P a l a e m y s i s  is rarely found 
alone and is m ost com m only associated w ith C r a n g o p s i s ,  T e a l l i o c a r i s ,  and 
palaeostom atopods, as well as other crustaceans at Bearsden, G lencartholm  
(Peach 1908), and G ranton (Briggs, C larkson, and Clark i n  pre p. ) .  It seems 
likely that A r a t i d e c t h e s  and some forms of A n t h r a c o p h a u s i a  are synonym ous 
w ith  P a l a e m y s i s  (see C h ap te r 5) w hich w ould  ex tend  the range  of 
P a l a e m y s i s  in to  N orth  A m erica. P a l a e m y s i s  and T y r a n n o p h o n t e s  occur 
together in the Shrimp M ember, although in different abundances, suggesting 
that their salinity  tolerances are quite sim ilar, although their trophic levels 
are quite distinct. As they both appear to occur in environm ents influenced by 
w aters of near norm al m arine salinities and  now here else, their salinitv' j
tolerances are in te rp re ted  as being of a narrow  range. T y r a n n o p h o n t e s  is, 
therefore, considered to be stenohaline relative to the o ther C arboniferous 
crustaceans under consideration here. As it has such a narrow  salinity tolerance 
range, it is not possible to com m ent on its osm olality as it could have limited 
osm oconformable or osm oregulatative capabilities.
P a l a e m y s i s  is an abundant m em ber of the crustacean com m unity of the Shrimp 
M ember, and is found at m ost localities, except in the w estern-m ost locality of 
the Powgree Bum. P a l a e m y s i s  also becomes less com m on tow ards the west (Fig. 
6.2). The abundance of P a l a e m y s i s  in environm ents considered to be of lower 
salinity, suggests that it was euryhaline, and possibly an osmoconformer.
T y r a n n o p h o n t e s  has been recorded only from three eastern  localities at East 
K ilbride, B earsden, and  S pou thead . As only  three specim ens have been 
obtained du rin g  the course of this study, it is difficult to place any special 
significance on this d istribu tion . The sm all num ber of specim ens, and  the 
m orphology of this anim al suggest, how ever, that this anim al was an active 
p re d a to r . Its m o rp h o lo g ica l s im ila rity  to the ex tan t m antis sh rim p s 
(Stom atopoda) suggests a sim ilar predatorial m ode of life.
M i n i c a r i s  is problem atic in term s of its lateral d istribution  w ith in  the Shrim p 
M ember, and w ith its relationship to the W estern M idland Valley of Scotland
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C rustacean Palaeocom munity, as it occurs only in the north and northeastern 
localities at Bearsden and Spouthead (Fig. 6.2). It appears to be m ore common 
at the Spouthead localities (four specimens) than at Bearsden (six specimens), 
w hen the relative sizes of the excavations are taken into account. As the 
m orphology of M i n i c a r i s  is sim ilar to that of the extant syncarid crustacean 
A n a s p i d e s  t a s m a n i a e ,  it is possib le that it lived in a sim ilar m anner. 
A n a s p i d e s  is a d e tritu s  feeder as well as being a p red ato r, and  lives in 
freshw ater stream s and lakes (M anton 1930, Schram  and  Schram  1974). 
Streams, or rivers, to the north, entering into the back-barrier lagoon during the 
deposition of the Shrim p M ember, m ay have transported  M i n i c a r i s  in during 
p eriods of h igher freshw ater influence. The presence of a syncarid  in an 
environm ent dom inated by m arine waters, does not preclude the possibility of it 
being  tran sp o rted , especially w hen the state of p reservation  is different. 
M i n i c a r i s  has a m uch ligh ter coloured phosphate  and  tends to be greatly  
pyritised , w hereas, the o ther crustaceans have a dark  phosphate and  very 
little, if any, pyritisation.
The fossil copepod genus C y c l u s  is found in both coral reefs and  lam inated 
shales, suggesting a mobile m ode of life, despite its discoid shape and grasping 
limb m orphology (see C hapter 5). The distribution and m orphology of C y c l u s , 
suggests that it lived ep ifaunally  on floating algae, or debris, w ith in  the 
m arine env ironm ent. It is found  in the m ore d iverse m arine  crustacean 
associations w ithin the shales of the Shrim p M em ber and  does not appear in 
the m ore rem ote parts of this m em ber to the west (Fig. 6.2).
6.2.2. Salinity tolerances of fossil crustaceans from the Shrim p Member.
The relationship betw een the fossil crustaceans of the Shrim p M ember and the 
su rround ing  environm ent, is discussed here in term s of the chem istry of the 
cuticle, bu t also, taking into account the evidence provided  by the synecology, 
the autecology, and the distribution of these crustaceans (section 6.2.1).
The chem istry  of the cuticle has no t changed  m uch from  its o rig inal 
com position, due to rapid  fixation during  phosphatisation (section 4.1). Many 
of the elem ents found in the fossil cuticle are found in sim ilar concentrations in
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the cuticle of extant crustaceans (Fig 6.3). As the phosphate ions appear to 
substitute only the carbonate ions in the original cuticle, other elements, such as 
sulphur, chlorine, iron, magnesium , and sodium  do not appear to be affected by 
the phosphatisation . It is unlikely that the elem ents derive from  diffusion 
from the sedim ents, as the sedim ents and the fossil cuticle do not exhibit the 
same relative concentrations (Fig. 6.4).
F igure 6.3 The %element concentrations in the cuticle of some Carboniferous 
C rustacea com pared  w ith  the ex tan t crustacean, C an ce r (a-calcium  and 
phosphorus; b- m inor elements).
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Figure 6.4 G raph show ing the d istribution of m inor elem ents in the sedim ent 
surrounding the fossil crustaceans from  Bearsden, in the calcareous nodules, and 
the m ean crustacean composition.
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The relative concentrations of these elem ents m ay reflect the environm ent in 
w hich the calcification of the cuticle took place (Fig. 6.5). The relationship 
betw een the concentration of these elem ents in the cuticle at the tim e of 
form ation of the cuticle and the concentrations in the body fluids has not been 
established. The level of sodium  in the cuticle of these crustaceans, however, 
correlates well w ith the inferred life environm ents, assum ing environm ental 
conditions w hich are near-norm al m arine salinity  for T y r a n n o p h o n t e s  and 
P a l a e m y s i s  (Fig. 6.5) based on faunal evidence. The higher concentration of 
sodium  in the cuticle of T e a l l i o c a r i s  m ay reflect the need, or the ability, to 
decrease  the am o u n t of sod ium  in the b lood  m ore than  C r a n g o p s i s , 
T y r a n n o p h o n t e s ,  or P a l a e m y s i s  do, or can.
Figure 6.5 R elationship betw een salinity and  sodium  concentration assum ing 
that P a l a e m y s i s  and T y r a n n o p h o n t e s  lived in w aters of near-norm al m arine 
salinities, and that the slope of sodium  concentration to salinity w as the same 
in the Carboniferous as it is now.
e
50
40
30
20
Crangopsis
Tyrannophontes
Palaemysis
Tealliocaris
10
0
151 050
%«Na
This suggests that T e a l l i o c a r i s  is best ad ap ted  to liv ing in m ore saline
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conditions than the o ther crustaceans and is therefore considered to be a 
hypo regulator. The hypersaline tolerance of T ea l l i oca r i s  has been previously 
proposed by Dewey and Fahraeus (1982) although tolerance of low salinities 
has also been suggested (Hesselbo and Trewin 1984). The higher concentration 
of elem ents such as m agnesium  and sodium  in a tegum ental duct of Teal l iocaris  
indicates that these structures m ay have been used in the transport and efflux 
of salts, although this increased concentration may also be secondary as a result 
of partial decom position of organics w ithin the tegum ental duct and the inw ard 
diffusion of phosphate and sodium  rich w aters from  the su rround ing  water 
column (Fig. 6.6).
F igure 6.6 C oncentration of elem ents in  a tegum ental duc t relative to the 
surrounding  exocuticle of Teal l iocaris .
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The low sodium  and sulphur content of the cuticle of C r a n g o p s i s  suggests that it 
was better adapted  to brackish and m arine salinities (Fig. 6.3, 6.5).
The concentrations of sodium  in the cuticle of the crustaceans analysed, relative 
to the salin ity  of the su rro u n d in g  w ater m ay not have the sam e slope as 
present-day sea w ater, although, the trend is likely to be the same: the more
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sodium  in the cuticle, the more saline the surrounding waters (Fig. 6.5).
6.3. Interspecific interactions, or, coprolites and enterospirae.
The coprolites and  the enterospirae are im portant factors in determ ining the 
interaction betw een the different anim als w ith in  the back-barrier lagoon of 
the W estern M idland Valley of Scotland C rustacean Palaeocom m unity. The 
contents of these fossils can provide m uch inform ation on the diet of the animal 
which produced them  and, therefore, which anim als existed in the lagoon at 
the sam e time. It is likely that the larger enterospirae belonged to fish and 
sharks, and the sm aller am phipolar coprolites belonged to crustaceans.
6.3.1. Classification of coprolites and enterospirae.
A coprolite in the strictest sense is applied to fossilized excrem ent of anim als
(H antzsche t has also been applied  to the fossilized gu t contents of
vertebrates (enterospirae) w hich have previously been considered as excrement 
(Buckland 1829). The origin of spiral "coprolites" was d isputed  by Agassiz as 
early as 1841 where he described them  as cololites. D uverney (1844) noted that 
only anim als in w hich the u rine exits separately  from  the faeces could the 
excrem ent have the firm ness to allow preservation of structure. He concluded 
that "coprolites" filled w ith  bony m aterial w ould  easily d isaggregate and 
spiral "coprolites" m ust, therefore, derive from  dead and decom posed anim als 
w ith  sp iral gu ts. H oernes (1904) d iscussed  tw o types of coprolites, the 
heteropo lar and  the am phipolar. The heteropolar coprolites are those w ith 
the external spiral structure concentrated at one end, and the am phipolar forms 
are those w ith no preferred polarity of external structure. The spiral excrem ent 
of the lungfish P r o t o p t e r u s  a n n e c t a n s  is am phipolar. W illiam s (1972) suggests 
that all am ph ipo lar coprolites are true  excrem ent and  that the heteropolar 
form s represent enterospirae. The internal structure of the coprolite m atrix is 
sim ilar to the m ucosal folds of the gu t lining in extant anim als (W illiams 1972, 
Stew art 1978). The com pact heteropolar forms from  Bearsden appear to have 
form ed from  a consistent gut-shape and m ay derive from  similar, or related, 
anim als (Fig. 6.7).
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Figure 6.7 G raph  show ing the strong  external m orphological sim ilarity  
betw een compact heteropolar enterospirae.
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6.3.2. Enterospirae and coprolites from Bearsden.
From  the collection of "coprolites" from  the Bearsden excavation, three basic 
forms have been observed:
1) com pact heteropolar,
2) d istended heteropolar, and
3) am phipolar.
The vast m ajority of those collected are of the com pact heteropolar form  and 
one distended heteropolar form was found. A num ber of microscopic am phipolar 
or s tru c tu re less  copro lites collected from  shale resid u es m ay rep resen t 
crustacean pellets (Plate 6.1 j).
D istended heteropo lar (Plate 6.2a): The d istended  h e teropo lar en terosp ire  
resem bles closely the gut form of the m odern P e t r o m y z o n  (Romer 1945). The gut 
of P e t r o m y z o n  is a long thin tw isting striated spiral quite unlike that of the
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o v e r l a p p i n g  s p i r a l  s t r u c t u r e  o f  t h e  m o d e r n  s h a r k  S c y l l i u m  ( W i l l i a m s  1 9 7 2 ) .  It 
i s  t h o u g h t  t h a t  t h i s  s p e c i m e n  r e p r e s e n t s  t h e  f o s s i l i z e d  g u t  f i l l  o f  a  v e r t e b r a t e  
w i t h  c l o s e  a f f i n i t i e s  w i t h  t h e  m o d e r n  l a m p r e y s .  T h i s  s i n g l e  s p e c i m e n  d o e s  n o t  
a p p e a r  t o  c o n t a i n  a n y  a n i m a l  d e b r i s .
C om pact h e te ro p o la r (Plate 6.1a-i, 6.2b): Of the com pact h e te ro p o la r 
enterospirae, the fossil content appears to affect the state of preservation of 
the internal structures. It is considered that all 92 specim ens exam ined were 
originally spiral of which 60% have retained a spiral structure to some extent. 
The rem aining 40% have collapsed, and have not retained any of the original 
spiral structure. On the basis of the num ber of whorls, counting the m axim um  
from the centre to the outer edge, two distinct groups can be seen. One group has 
only four or less w horls and another peaks at eight (Fig. 6.8)
Figure 6.8 N um ber of whorls in X-section of compact heteropolar enterospirae
from Bearsden.
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•collapsed coprolites and those w ith  indistinct w horls.
6.3.3. Faunal com position of the enterospirae.
There does not appear to be any consistent correlation betw een the diet of the 
anim al which produced the enterospirae, and the num ber of observed whorls 
(Fig. 6.9).
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Figure 6.9 H istogram  showing the relationship betw een the num ber of whorls 
and the diet contained w ithin the enterospire (N=36).
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*1: Palaeoniscid scales; 2: Acanthodian scales; 3: bivalves; 4: crustacean debris; 5: plant 
debris; 6: ultra thin ?fish scales.
The contents of the enterospirae include m uch of the observed fauna from  the 
sed im ents, a lthough  not in the sam e concentrations. The conten ts of the 
en terosp irae give an indication of w hat the anim als of the h igher trophic 
levels fed on, and hence the palaeoecological associations of these anim als. It 
is likely that some of these enterospirae are from scavengers or deposit-feeders 
such as those which contain a num ber of different com ponents, especially those 
w hich  co n ta in  ab u n d a n t b ivalves. The en te ro sp irae  of p re d a to rs  are 
represented by those containing a m ore specialized diet of one or two species of 
anim al, parts of which are found abundantly  w ithin the enterospirae (Fig. 6.9, 
6.10, 6.11).
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Figure 6.10 Enterospiral dietary contents in term s of % of specimens containing 
each fossil g roup 1-6* (*see Fig. 6.9) (N=91).
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G roups w hich include only one fossil constituent are probably predators. It is 
possible that the enterospirae do not represent the rem ains of just one meal 
although, if the p redato r was in the process of digesting m ore than one catch, 
the gu t w ould be packed w ith  abundan t fragm ents of its prey. M any of the 
en terosp irae contain only a few scales indicating that these either belong to 
scavengers, or that the last meal of the p redato r had already m ostly passed 
th rough  the gu t prior to the death  of the anim al. Possible p redators include 
S t e t h a c a n t h u s ,  the palaeoniscids, the rh izodonts, and  A m p h i c e n t r u m .  T here  
are a few large enterospirae w hich are likely to belong to S t e t h a c a n t h u s ,  one 
of w hich is associated w ith a com plete specim en (H unterian M useum  V.8246), 
another contains p lan t fragm ents and  is rich in pyrite (NCB2) representing  a 
possible vegetarian. The enterospirae which contain bivalve rem ains are found 
also to con ta in  palaeon iscid  an d  acan th o d ian  scales in d ica tin g  a n o n ­
specialized d ie t and  probably  belonged to a scavenger or an  om nivorous 
p redato r.
227
%
 o
f 
sp
ec
im
en
s
The presence of the bivalves w ith the shell preserved also indicates that the 
anim al to which the enterospirae belonged had either an alkaline stomach, or 
none at all. Four of these six enterospirae contain abundant bivalves (Fig. 6.10). 
The fishes w hich lack a stom ach include the cyclostom es, chim eras and 
lungfishes. D e l t o p t i c h i u s ,  of which two were found am ongst fifteen specimens 
of S t e t h a c a n t h u s ,  may have fed by scavenging and, on decom position, released 
the en terosp irae contain ing bivalves, acanthodian  scales, and  palaeoniscid 
scales. D e l t o p t i c h i u s  is thought to be related to the m odern chim eras (Dick et  
a l  1986).
Figure 6.11 H istogram  show ing the relative % of enterospirae containing 1-3 
taxa and the % of the total w ith abundant fish elem ents (possible predators).
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The m ajority of enterospirae contain abundant fish debris and also contain only 
one taxon. The abundance of scales from  an in d iv id u a l fish w ith in  the 
en tero sp ire  suggests that the host anim al was a p red a to r, ra th e r than  a 
scavenger which would contain a small num ber of fragm ents of one or m ore taxa. 
The large num ber of enterospirae w ith abundan t fish debris indicates that the 
m ajority of enterospirae derive from predators (Fig. 6.11).
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6.4. Vertical faunal variations w ith in  the M anse B um  Form ation.
An estim ate of the relative changes in the proportion  of different taxa w ithin 
the M anse Burn Form ation was produced to provide a gu ide to the overall 
environm ental changes w hich occurred th roughout the section. O rientation 
data for crustaceans in the Shrim p M ember, and orthocones and sharks in the 
Posidonia M ember, provide further evidence on the prevailing environm ental 
conditions during  the deposition of these shales (Wood 1982).
A m ore detailed  exam ple of the vertical environm ental changes is given for 
p art of the Shrim p M em ber, as a resu lt of data  obtained du rin g  the major 
excavation at Bearsden.
6.4.1. Faunal varia tion  and  environm ental changes w ith in  the M anse Burn 
Form ation.
The palaeoecology of the Top Hosie Shale has been studied in detail by Craig 
(1954) from a point below the Top Hosie Limestone a t a locality near Kilsyth. 
He concluded (p i 16) that the environm ental conditions, during  the deposition 
of the Top H osie Shale, w ere those of a low -energy  shallow  sub tidal 
environm ent represented by two fossil com m unities: the Po s i d o n i a  com m unity  
and  the L i n g u l a - N u c u l o p s i s  com m unity. The P o s i d o n i a  com m u n ity  ex isted  
d u rin g  periods of low er cu rren t activ ity  an d  w hen  the m u d d y  substrate  
ap p eared  m ore anaerobic, than w hen the L i n g u l a - N u c u l o p s i s  c o m m u n ity  
existed.
Im m ediately above the Top Hosie Limestone, the m arine shale contains m uch 
the sam e fauna as the limestone and the m arine shales below  (0-20cm on figure 
6.13). This is succeeded by less calcareous shales containing the restricted fauna 
of the Shrim p M ember (20-300cm on figure 6.13). A lthough the Shrim p M ember 
contains a large num ber of crustaceans, the m ost abundant fossil is the spat of a 
b ivalve  (possib ly  N u c u l a ) .  O ther faunal elem en ts include m yodocop id  
ostracods, which are common at the base of the Shrim p Member, but become less
229
common tow ards the top, and rare fish. Low-oxygen or anaerobic bottom  water 
conditions have prevented the successful colonization of the substrate surface by 
sessile benthic organisms. The current energy was low enough to allow m any of 
the crustacean carcasses and m oults to rem ain articulated. The currents also do 
not show any preferred orientation (Fig. 6.12).
P os id o n ia  occurs abundantly  at one level w ithin the Manse Bum Formation and 
also in the Top Hosie Shale below  (Craig 1954). It occurs abundantly  in the 
Posidonia M em ber (300-348cm on figure 6.13), associated w ith  ab u n d an t 
gastropod and bivalve spat, orthocones, and conodonts, w hich m ay indicate 
oxic bottom  waters w ith m ore open m arine influence. This m em ber also yielded 
the m ajority of the fish and sharks which were recovered d u rin g  the major 
excavation (W ood 1982). The orientation data provided by the orthocones and 
the sharks show no preferred orientation, indicating a low energy environm ent 
(Fig. 6.12). A th in  shale im m ediately  above the Posidonia M em ber w hich 
co n ta in s  M i n i c a r i s ,  P a l a e m y s i s ,  C r a n g o p s i s ,  C y c l u s ,  and  L i n g u l a ,  w as 
recorded by Wood (1982), but was not found during the course of this study.
The possible m odes of life of P o s i d o n i a  have resu lted  in m uch d iscussion 
(Jefferies and  M inton 1965, W ilson 1966). P o s i d o n i a  m ay have been a free- 
sw im m ing pelagic bivalve as it is commonly found in toxic anaerobic sediments, 
and  there is no evidence for attachm ent to floating debris (Jefferies and Minton 
1965). C raig (1954) and  W ilson (1966) suggested  that it m ay have been a 
benthonic bivalve, w ith the capability of swim m ing, as the bottom  w aters may 
have been oxic despite the anaerobic sediments.
230
F ig u re  6 .12  R o se  d ia g r a m s  s h o w in g  o r ie n ta tio n  d ata  for P a l a c m y s i s  (S h r im p  
M em b er), S h ark s (P o s id o n ia  M em b er ), a n d  o r th o c o n e s  (P o s id o n ia  M em b er)  
(in n er  c irc le  rep resen ts  the ra n d o m  d is tr ib u tio n  case).
The N o d u lar Shale M em ber (348-435cm on figure 6.13) has very few 
m acrofossils except for the occasional bivalves, L i n g u l a , p lant fragm ents, fish 
scales, and very rare crustaceans. The environm ent represented is thought to be 
largely non-m arine w ith a greater terrestrial inpu t than w ith the previous 
members.
The Platey Shale M ember (435-463cm on figure 6.13) contains rare bivalves, 
nautilo ids, L i n g u l a ,  d isarticulated  fish, conodonts, crustaceans. Bivalve spat, 
sim ilar to that found  in the Shrim p M em ber, and  g astropod  spat occur 
abundan tly . W ood (1982) also recorded  P o s i d o n i a  from  this horizon. This 
m em ber is sim ilar in character to the Posidonia M em ber and, presum ably, 
represents a further m inor m arine transgression
The Betwixt M em ber (463-543cm on figure 6.13) contains occasional solitary 
bivalves and ostracods. The character of this m em ber is sim ilar to that of the 
N odular Shale M ember, although, there are fewer fossils. The environm ent of 
deposition is thought to have a m ore non-m arine character w ith a significant 
terrestrial influence.
The Lingula M ember (543cm-end on figure 6.13) contains a fauna of L i n g u l a  and 
N a i a d i t e s  along w ith rare eum alacostracan crustaceans. A 0.2cm ' C r a n g o p s i s  
m arker band' (Wood 1982) occurs near the base of this member. Conodonts have 
been found associated w ith C r a n g o p s i s  in the m arker band . This m em ber 
appears to represen t a longer period  w hen the shales w ere generally  m ore 
aerobic and affected by slightly stronger currents, sim ilar to the environm ent in 
w hich the L i n g u l a - N u c u l o p s i s  com m unity lived (Craig 1954). The environm ent 
w as probably  m arginally  m arine w ith fluctuating  salinities. The ' C r a n g o p s i s  
m arker band ', w hich is only one lam ination thick, m ay represent a period in 
w hich the bo ttom  w aters were less oxic and w ith  little cu rren t activity to 
allow the crustaceans to be preserved.
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Figure 6.13 Diagram showing the change in fauna from the m arine shale above 
the Top Hosie Limestone (0-1 Ocm) to the Lingula M ember (620cm) at the type 
locality for the Manse Burn Form ation at Bearsden. Cseec^>v© \^Veb
Above the Lingula M ember the sedim ents become mostly barren in terms of their 
m acrofossil content and gradually  increase in sedim ent grain  size from  the 
shales into a m ature sandstone. Most of these sedim ents represent the silting-up 
of the lagoon as it becomes m ore terrestrial.
6.4.2. Faunal variation and environm ental changes in a m easured sec ion of the 
Shrim p Member.
D uring  the excavation of the Bearsden locality from  1981-1982, a detailed  
record of the relative position of the fauna w ith in  the Shrim p M em ber was 
m ade. Fourteen random ly  selected square m etres w ere selected for detailed 
faunal analysis, from seventy-five The thickness of the shales
exam ined was approxim ately 4.2cm from the top of the Shrim p M ember shales. 
A total of th irty-three squares w ere recorded at five levels w ith in  the 4.2cm 
thickness (Fig. 6.14).
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Figure 6.14 G raph showing the distribution of all the faunal elem ents recorded
w ithin the 4.2cm thickness of Shrimp M ember shale.
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In general, the 'coprolites' (or enterospirae) seem to follow sim ilar trends to 
P a l a e m y s i s .  This suggests that the 'coprolites' were from  anim als which lived 
in sim ilar environm ents to P a l a e m y s i s .  C r a n g o p s i s ,  how ever, appears to have 
a negative correlation  w ith  P a l a e m y s i s  ind icating  th a t their p referred  life 
env ironm ent w as d ifferent, a lthough  probably  overlapped , w hich supports 
evidence p rov ided  by the cuticle chem istry  (section 6.2.2), and  the lateral 
d istribu tion  of C r a n g o p s i s  an d  P a l a e m y s i s  w ithin the lagoon.
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Figure 6.15 Diagram showing the relative proportion of the crustacean members
of the fauna through the 4.2cm section of the Shrimp Member.
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Since P a l a e m y s i s  is thought to be a m arine crustacean, the sharp  increase in 
the p roportion  of P a l a e m y s i s  relative to C r a n g o p s i s  suggests that a m inor 
m arine influx occurred at 2.0cm, soon after a m inor decrease in the m arine 
signature (Fig. 6.15). The resolution of the analysis is approxim ately  0.5cm 
w hich is equivalent to approxim ately  50 lam inations (=?50yrs). Even w ithin 
the Shrim p M ember it is, therefore, possible to dem onstrate m inor fluctuations 
in the salinity  of the w ater influencing the environm ental conditions of the 
lagoon.
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Figure 6.16 Total num ber of fossils recorded from the excavation of the 33 square 
metres.
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The com paratively large num ber of 'coprolites', collected from  the Bearsden 
excavation, suggests that either there w ere a large num ber of fish present 
w ith in  the lagoon w hich w ere not preserved (Fig. 6.16), or that they floated 
into the lagoon. The total num ber of crustaceans recorded m ay be a factor of 
p reservation  potential of the crustaceans, and also, as a result of w here the 
shales split. As the preservational conditions necessary for the preservation of 
'copro lites' are d iffe ren t to those necessary  for the p reserv a tio n  of the 
crustaceans, the total n um bers cannot be used  to d em o n stra te  orig inal 
proportions. The changes in the proportions of the different faunal elements, 
however, can be used to dem onstrate environm ental changes, such as is seen in 
the Shrim p M ember above.
Elements
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Plate 6.1
a) Spiral enterospire containing bivalves (HM NCA1; X3).
b) Spiral enterospire containing plant fragm ents (HM NCB2; X3.25)
c) Spiral enterospire containing only palaeoniscid fish fragm ents (HM NCD1; 
X4).
d) C ollapsed spiral enterospire containing bivalves, acanthodian fish scales, 
and palaeoniscid fish scales (HM NCC1; X3).
e) Spiral enterospire show ing convolute whorl structure and collapsed central 
portion. Contains m ainly palaeoniscid fragm ents (HM NCC2; X3.25).
f) Structureless enterospire in phosphatic nodule as a result of internal collapse 
of the enterospire. Contains m ainly palaeoniscid fragm ents (HM; X4). Irregular 
sedim entary structure to the lam inations suggests shallow bioturbation.
g) Spiral enterospire containing palaeoniscid fragm ents and baryte pore filling 
cement (HM NCA2; X3).
h) Spiral en te ro sp ire  con ta in in g  ab u n d an t p alaeon isc id  fragm ents and  
kaolinite pore filling cement (HM NCB1; X3).
i) Spiral enterospire containing abundant bivalves and occasional fish fragm ent 
(HM; X3).
j) Small am phipolar coprolite, possibly from a crustacean (HM; X900).
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Plate 6.2
a) D istended heteropolar enterospire w ith C r a n g o p s i s  e s k d a l e n s i s  (a rro w ed ) 
(HM G642; X3).
b) Large compact heteropolar enterospire (HM; XI .85)
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C hapter 7
Conclusions
The m ain purpose of this project was to p roduce a detailed  study  of the 
C arboniferous crustacean-bearing shale discovered at a locality in the Manse 
Burn, Bearsden, in 1981 by Mr. S. P. W ood. This locality, o ther localities 
discovered during the course of this study, and a num ber of previously recorded 
localities, contain ing shales at the sam e stratig raphical horizon and  which 
co n ta in e d  fossil c ru s ta cea n s , w ere  p laced  in  a s tra tig ra p h ic a l, a 
palaeogeom orphological, and a sedimentological context. The diagenesis of the 
crustaceans was im portant in determ ining the early interactions taking place on 
the substrate  surface. The palaeontology of the crustaceans w as stud ied  to 
p rovide a fuller un d ers tan d in g  of their taxonom ic position  and functional 
m orphology. As a result, it was possible to view these crustaceans in term s of 
their palaeoecological significance.
7.1 Stratigraphy.
The stratigraphical position of the shales was initially poorly constrained due 
to the lack of lithostra tig raphical control at the type locality in the M anse 
Burn, Bearsden. The b iostratigraphical position  once determ ined , even in a 
b road  sense, allow ed other localities w ith shales of sim ilar age to be traced, 
these la tter, defined  as rep resen ting  p art of the M anse Burn Form ation, 
provid ing  a m ore precise stratigraphical position for the shales.
The shales of the Manse Burn Form ation contain conodont genera belonging to 
the K l a d o g n a t h u s - G n a t h o d u s  g i r t y i  s i m p l e x  Z one and  spo res of the 
B e l l i s p o r e s  n i t i d u s - R e t i c u l a t i s p o r i t e s  c a r n o s u s  (NC) Z one, bo th  of w hich 
indicate a N am urian  (Lower Carboniferous) age for this formation. This places 
the shales close to the lith o s tra tig rap h ica l h o rizo n  of the Top H osie 
Limestone (THL). Goniatites, previously described by Currie (1954), from below
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the THL, suggest that the THL is of the Pendleian El Zone.
The M anse Bum Formation was found to occur im m ediately above the THL at 
som e localities, an d  lith o s tra tig rap h ica lly , th ere fo re , b elongs to the 
Limestone Coal Group. The Manse Bum Formation has been subdivided into six 
m em bers based on the sedim entological and palaeontological character of the 
shales; the Shrim p M em ber, the Posidonia M em ber, the N o d u la r Shale 
M em ber, the Platey Shale M em ber, the Betwixt M em ber, and the Lingula 
Member. The most im portant crustacean-bearing m em ber of the formation being 
the Shrimp Member, which formed the basis of this project.
A num ber of localities w ere exam ined to determ ine the full extent of the 
Shrim p M em ber. The Shrim p M em ber w as found to exist w ith in  the area 
confined to an area south of the Kilpatrick and Cam psie Hills, and north of the 
Dusk W ater, and  East Kilbride. The Shrim p M em ber was not found w est of 
Dairy, perhaps due to lack of exposure, but was not found on Arran w here good 
exposures do exist at Laggan and Corrie. To the east, the Shrim p M ember was 
not found further eastw ards than the locality in the Corrie Burn, nor w as it 
found  a t localities east of East K ilbride. At the localities, im m ediately  
surrounding  this area, where the Shrim p M ember was not developed, the THL 
was overlain by either a thick unfossiliferous micaceous shale (m ostly in the 
east), or a thick sandstone unit.
The localities at which the Shrimp M ember was found to be developed include:
1) H indog Glen (NS27905115)
2) Swinlees Glen (NS29415342)
3) Powgree Bum (NS33635219)
4) Lochermill (NS24106472)
5) Bearsden (NS52947329)
6) Red Cleugh Bum (NS65567846)
7) Burniebrae Burn (NS66037818)
8) Corrie Burn (NS68707876)
9) East K ilbride (BGS bore  hole d a ta , filled q u a rrie s  locations 
unknown).
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7.2 SedLmentology.
Britain was situated in an em baym ent into the southern coast of the Laurasian 
co n tin en t close to the p a laeo eq u a to r, d u rin g  the N am u ria n  (Low er 
Carboniferous). Several areas of positive relief which are contained w ithin 
this em baym ent cause restricted access of m arine w aters into the M idland 
Valley of Scotland (MVS) at this time. The Scottish C arboniferous crustaceans, 
which are particularly  well preserved in the low-energy environm ents which 
developed w ithin this restricted area, m ay have acted as stock for the early 
dispersal of eum alacostracans (Schram et al. 1978). M any of these crustaceans 
are preserved in finely lam inated sedim ents which were deposited in w aters of 
variab le salinity.
The Shrim p M em ber of the M anse Burn Form ation in the MVS is a finely 
lam inated shale deposited in a fault controlled basin, bound to the north by the 
Paisley Ruck and  the Cam psie Fault, and  to the sou th  by the Dusk W ater 
Fault. The area betw een the Dusk W ater Fault and the Inchgotrick Fault 
became an area of positive relief, soon after the deposition of the THL, forming 
a barrier to the more open marine w aters to the south. At the same time, Arran 
also became a barrier to m arine influence to the west.
The general m ineralogical com position of the shales of the Shrim p M ember is 
sim ilar across the basin, suggesting that they were deposited  un d er sim ilar 
conditions. Throughout the Manse Burn Formation, the relative concentration of 
specific m inerals varies significantly, especially w ith  respect to pyrite. The 
m ore m arine shales have a greater am ount of pyrite due to increased sulphate 
reduction in the low-energy environm ent of the basin. The results suggest that 
the Posidonia M em ber and  the Platey Shale M em ber are m ore m arine in 
character than  the Shrim p M em ber, the N o d u lar Shale M em ber, and the 
Lingula Member.
An analysis of the trace elem ents and rare earth elem ents further constrain the 
degree of m arine w ater influence, and also the degree of oxygenation of the 
shales. The ratios of certain elements, such as C r/V , C e / C e *  and T h /U , and the
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relative concentrations of others, such as Co, NTi, Rb, Sr, and Pb, indicates that;
1) the THL is an oxygenated marine deposit,
2) the Shrim p M ember was probably  deposited  in a low oxygen 
environm ent with some marine influence,
3) the Posidonia M ember is a m arine deposit w ith variable oxygen
levels,
4) the black m ud from the N odular Shale M ember was a non-m arine 
anoxic deposit, and,
5) the sedim ents were likely to have been derived from the erosion of a 
large continental area with significant input from the w eathering of volcanic 
rocks.
The environm ent in w hich the shales of the M anse Burn Form ation were 
deposited is generally a low-energy environm ent w ith variable oxygen levels, 
and salinity. The basin is restricted by structural controls as well as by river 
system s en tering  the MVS via the K incardine Basin. The environm ent of 
deposition may be re garded as a back barrier lagoon which eventually silts-up 
tow ards the top of the Manse Bum Formation. The succession of sedim ents in the 
M anse Burn Form ation broadly resem bles that of a Yoredale cyclothem, with 
the THL at its base and the Kilsyth Coking Coal at the top.
7.3 Environmental controls on preservation within the Shrimp Member.
The fossils of the Shrimp M ember have undergone a variety of taphonom ic and 
d iagenetic processes resu lting  in num ber of d ifferent styles of preservation. 
These forms of preservation can be grouped in term s of their m ineralogy and 
m ech an ism s of fo rm a tio n . T here  are b asica lly  th ree  m inera log ica l 
com positions, a francolitic, a pyritic, and a calcitic com position, w ith two 
m echanism s for the francolite formation, one for the pyrite, and three for the 
calcite.
The francolite can be form ed either by the bacterial decay of soft body parts 
and gut fillings, in the case of the enterospirae, or by the buffered chemical
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in teraction  of p h osphate-rich  w aters w ith  the calcareous shells of the 
crustaceans. The pyrite preserves some fossils by su lphate reduction and 
replacem ent of the calcareous shell in crustaceans and bivalves. The calcite 
p reservation occurs either by the recrystallisation of the calcareous shell by 
b ac te ria l d e g rad a tio n  of the o rgan ic  co n ten t (eu m alaco stracan s and 
m yodocopids), by the recrystallization of the aragonitic bivalve shells to form 
calcite, or by d isso lu tion  of calcareous shells and reprecip itation  of drusy  
calcite in the resulting pore space (mostly eumalacostracans).
Phosphatisation  is the best m ode of preservation, resulting  in m uch of the 
u ltra s tru c tu ra l cu ticu lar detail of the crustaceans being  p reserved . The 
m echanism  by which the phosphatisation took place, and the chem istry of the 
francolite provides further constraints on the depositional environm ent of the 
Manse Bum Formation.
7.3.1 M echanism  of phosphatisation.
The phosphatisation of the am orphous carbonate cuticle of the Carboniferous 
c ru stacean s p ro d u ces  m ic ro n o d u la r francolitic  agg reg ates, am o rp h o u s 
phosphate, and  hexagonally crystalline laths. It is likely that these structures 
resu lt from  chem ical a ltera tion  of the cuticle ra th er than being directly  
induced  by bacterial activity, as the phosphatisa tion  prevents the norm al 
chitinolytic decom position of the crustacean cuticle. The higher-than-norm al 
phosphate concentrations m ay have been derived from  seasonal nutrient-rich 
fresh w ater in p u t into the m ore m arine w aters of the back barrier lagoon 
causing  algal bloom s. O n decom position , the algae w ould  release the 
phosphate concentrating it close to the substrate surface due to the low-energy 
of the environm ent. Phosphatisation of the crustaceans in the Shrim p Member, 
therefore, occurred in an anoxic low-energy restricted environm ent soon after a 
period of eutrophication.
The isotopic com position of the phosphates w ithin an enterospire suggests both 
a m arine source, based on the strontium  ratio, and a m eteoric source, for 3 ^ 0  
and 3 ^ C . This m ay indicate that the anim al which produced the enterospire 
lived in the m arine environm ent, but that the phosphatisation took place in a
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non-m arine environm ent. As phosphates concentrate strontium , and meteoric 
waters are generally depleted in strontium , it is likely that the strontium  will 
reflect the orig inal life-environm ent of the anim al. The env ironm ent of 
phosphatisation  of the enterospirae does not have to occur under the same 
environm ental conditions as the phosphatisation of the crustaceans as there 
w ould be enough phosphate present w ithin the enterospire to cause its own 
p h o sp h a tisa tio n .
7.3.2 Constraints on francolite composition.
The chem istry of the francolite reflects either the chem istry of the w aters in 
w hich the phosphate  form ed, or the original chem istry  of the crustacean 
cuticle. The chem istry of the cuticle of the different crustaceans varies with 
respect to sodium  and iron suggesting thoi'either, the process of phosphatisation 
occurred in w aters of d iffering com position, or that the crustaceans had 
different original cuticular com positions. The d istribu tion  of the crustaceans 
w ithin the lagoon suggests that the crustaceans lived in w aters of differing 
salinities and  m ay have had different cuticular com positions to reflect this. 
The absolute concentrations of elements w ithin the cuticle of the Carboniferous 
crustaceans is little  d ifferen t to those observed in the cuticle of ex tan t 
crustaceans, and the process of phosphatisation does not appear to significantly 
influence the relative concentrations of the elem ents in the extant crustacean. 
This m ay be as a result of buffering solutions being produced within the cuticle 
du rin g  phosphatisation. The concentrations of the elem ents w ithin the cuticle 
of the fossil crustaceans is, therefore, thought to reflect the original chemical 
composition of the crustaceans.
7.3.3 Diagenetic pore fluids w ithin the Shrim p Member.
The en terosp irae provide a un ique opportun ity  to determ ine the diagenetic 
history of the shale. Pore spaces are provided by secondary tension gaps, and by 
some original pores w ithin fish teeth and bivalves. After consolidation of the 
enterospirae, several pore-cements can be recognised which are unrelated to the 
decom position of the enterospire. These consist m ainly of calcite, quartz, and 
kaolinite cements, although there is also a late baryte cem ent in some samples. 
The absolute tim ing of the different diagenetic events is difficult to assess,
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a l t h o u g h  i t  i s  t h o u g h t  t h a t  t h e  f i n a l  k a o l i n i t e  c e m e n t a t i o n  w a s  s o o n  a f t e r  t h e  
f o r m a t i o n  o f  t h e  n o d u l e s .  T h e  b a r y t e  c e m e n t  o c c u r r e d  a f t e r  t h i s ,  p e r h a p s  
r e l a t i n g  t o  s o m e  f a u l t  r e l a t e d  p o r e - f l u i d  m i g r a t i o n ,  d e r i v i n g  f r o m  t h e  
s u r r o u n d i n g  v o l c a n i c  r o c k s .
7.4 Carboniferous crustaceans from the Manse Bum Formation.
Five eum alacostracan genera were obtained from the Manse Burn Formation, 
in c lu d in g , T y r a n n o p h o n t e s  p a t t o n i ,  T e a l l i o c a r i s  r o b u s t a ,  C r a n g o p s i s  
e s k d a l e n s i s , P a l a e m y s i s  d u n l o p i ,  and M i n i c a r i s  b r a n d i ,  and  one copepod, 
C y c l u s  r a n k i n i .  N one of these species are new , although  their taxonom ic 
positions and  nom encla ture are controversial. O n the basis of a cladistic 
analysis on preservable morphological features, it was concluded that m any of 
the fossil genera could be placed in extant groupings. M i n i c a r i s  could be placed 
w ith  the Syncarida, T ea l l i oca r i s  w ith the Decapoda, and  T y r a n n o p h o n t e s  
w ith  the S tom atopoda. C r a n g o p s i s  and P a l a e m y s i s ,  how ever, could not be 
p laced  in  any  ex tan t g ro u p  w ith  confidence, as the M ysida and  the 
Euphausiacea were difficult to d istinguish betw een using this m ethod. It was 
adjudged necessary to place these fossils together in a single crown group, the 
Eocarida. C y c l u s  was found to be m ore sim ilar to the copepods than to the 
branchiopods using a similar morphological m ethod.
7.4.1 M orphology and affinities of the crustaceans from  the M anse Burn 
Form ation.
M ore specim ens of T y r a n n o p h o n t e s  p a t t o n i  are now  available than were when 
S chram  (1979) first su g g ested  th a t P e r i m e c t u r u s  p a t t o n i  cou ld  be a 
representative of the tyrannophontids. N ew evidence on the nature of the tail 
fan confirm s Schram 's hypothesis allow ing this species to be placed w ith the 
ty rannophontids.
N ew ly observed sim ilarities betw een the Scottish specim ens of the genera 
T e a l l i o c a r i s  and  P s e u d o t e a l l i o c a r i s ,  such as the large th ird  abdom inal 
som ite, the lateral expansion  of the second abdom inal som ite, the oval 
processes on the second and third abdom inal somites, and the three m arked
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ridges projecting through the arthrodial m em brane, indicate that these two 
genera are congeneric. The specim ens of the different species of T e a l l i o c a r i s  
also have similar m orphom etric ratios with regards to the w idth and length of 
the telson, and the lengths of the abdom en and carapace. Three species of 
Scottish tealliocarids are recognised as a result of this study, T.  w o o d w a r d i ,  
T.  e t h e r i d g i i ,  and T.  r o b u s t a ,  d ifferentiated  on the basis of the num ber of 
spines on the antennal scales, the ornam entation of the keels, and the presence 
of transverse grooves on the abdom inal tergites.
Specimens of C r a n g o p s i s  from the M anse Burn Form ation are sim ilar in form, 
and  d im ensions, to C r a n g o p s i s  e s k d a l e n s i s  from  G lencartho lm , in the 
N orthum berland Trough area. N ewly observed structures include the presence 
of at least four thoracic som ites free of the carapace, and the presence of a 
possible sensory devise on the second abdom inal somite. A com parative study of 
W a t e r s t o n e l l a ,  from G ranton, near Edinburgh, and  C r a n g o p s i s  from the same 
locality suggests that these two crustaceans are congeneric, and belong to the 
species C. social is .  The differences, initially though t to be generic, betw een 
these two m orphologies are a result of preservational factors, and a full range 
of morphologies between the two end member morphologies can be observed.
P a l a e m y s i s  d iffers substantially  from  A n t h r a c o p h a u s i a  desp ite having been 
considered synonym ous by Brooks (1969). The differences include the presence of 
a large rostrum  in A n t h r a c o p h a u s i a ,  the shape of the telson and  uropods, the 
shape of the abdom inal p leura, and the presence of a large pair of anterior 
spinose appendages in P a l a e m y s i s .  A r a t i d e c t h e s  m ay also represent a species 
of P a l a e m y s i s ,  as it has a sim ilar general m orphology and  identical tail fan. 
Only one species of P a l a e m y s i s  could be recognised as the species were first 
erected on the basis of poorly preserved tail fans (Peach 1908) which could not 
be adequately  d ifferentiated  betw een m orphom etrically  or m orphologically. 
The species of P a l a e m y s i s  is therefore taken to be that of the original type 
species, P. d u n l o p i .
M i n i c a r i s  b r a n d i  was described from poorly preserved specim ens in a bore-hole 
sam ple (Schram  1979). The sim ilarity  betw een  the tail fan of the type
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specim en and the tail fans of specim ens from  the M anse Burn Form ation 
indicates that these specimens are congeneric. New features of this crustacean, 
which include the biram ous annulate and setiferous pleopods, the shape of the 
cephalic shield, the ornam entation  of the thoracic and abdom inal tergites, 
suggest an affinity w ith the genus S q u i l l i t e s .
The m orphology and relative dim ensions of C y c l u s  r a n k i n i  indicates that the 
two form s of C y c l u s ,  the flat form s and the convex form s, resu lt from  
differences in the preservational environm ent ra ther than from  taxonom ic 
differences. The num ber, and relative position, of the sectors, or tergites, of the 
thorax are identical for the two forms. N ew  features of the m orphology of C. 
r a n k i n i ,  such as the abdom en, the sexual appendages, the ventral m orphology, 
and  the num ber of lim bs, suggest an affinity  w ith extant copepods. The 
m orphology of C. r a n k i n i ,  and  its association w ith byssate bivalves, further 
suggests that this anim al lived am ongst seaweed. Its presence in a variety of 
preservational environm ents can be explained by being carried by the algae into 
these different environm ents.
7.4.2 Cuticular structure.
The u ltrastructure of the cuticle of Teal l iocaris  from the M anse Burn Formation 
is sim ilar to that found in extant crustaceans. A study  of th in  sections and 
broken sections of the exocuticle, suggests that the cuticle is com posed of 
helicoidally arranged  pore canals, in terrup ted  by straight tegum ental ducts 
w hich traverse the cuticle. This is the first record of such structures in fossil 
crustaceans, although other workers have inferred these structures to exist in 
Jurassic and Cretaceous decapods.
Three divisions of the cuticle can be recognised, the epicuticle, the exocuticle, 
and  the endocuticle w hich is separated  from  the exocuticle by the line of 
emergence.
The surface structure of the epicuticle of C y c l u s  is different to the surface of 
the epicuticle of the other crustaceans in that it is com posed of fine thread-like
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corrugations. This is similar to structures described to exist on extant copepods.
7.5 Palaeoecology of Carboniferous crustaceans from the Manse Bum formation.
T y r a n n o p h o n t e s  p a t t o n i ,  T e a l l i o c a r i s  r o b u s t a ,  C r a n g o p s i s  e s k d a l e n s i s , 
P a l a e m y s i s  d u n l o p i ,  and C y c l u s  r a n k i n i  w ere all p resent in the environm ent 
d u rin g  the period at which phosphatisation  took place. M i n i c a r i s  b r a n d i  is 
preserved differently from the other crustaceans and is not thought to have 
been present in the environm ent at the same time as the other phosphatised 
crustaceans. The phosphatised crustaceans are thought to have interacted as a 
co m m u n ity , the W este rn  M id lan d  V alley  of S co tland  C ru s tacean  
Palaeocom munity.
The major control on the distribution of the crustaceans w ithin the same basin is 
likely to be salinity. T em perature w ould not vary m uch in the equatorial 
region, the sedim entation rate is the sam e across the basin, and the w ater 
d ep th  and  oxygenation levels also do  not appear to have been significant 
factors as the character of the sedim ent in the Shrim p M ember does not change 
m uch across the lagoon.
The diversity and concentration of crustaceans varies across the lagoon from a 
locality containing only C r a n g o p s i s ,  in the west, th rough localities containing 
C r a n g o p s i s  and P a l a e m y s i s ,  to localities w ith  the full com plem ent of 
crustacean genera in the east. The abundance of crustaceans also appears to 
increase from west to east.
The chem istry of the cuticle of these crustaceans also appears to com plem ent 
this adap ta tion  to different salinities. The higher the sodium  concentration in 
the cuticle, the closer to the m outh of the lagoon are the crustacean genera. The 
chem istry  of the cuticle of the crustacean m ay reflect the chem istry of the 
environm ent in which the cuticle formed, as does the blood of extant crustaceans 
(Lockwood 1968). The relative sodium  enrichm ent of the cuticle of Te al l i ocar i s  
re lative to C r a n g o p s i s ,  T y r a n n o p h o n t e s ,  and P a l a e m y s i s  coupled  w ith  the
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abundance of Te al l i oc ar i s  in hvpersaline environm ents, suggests that it was a 
euryhaline osmo- hyporegulator.
The abundance of C r a n g o p s i s  in m ost environm ents, except freshw ater and 
hvpersaline environm ents, the abundance of tegum ental ducts, and the low 
sodium  content of the cuticle suggests that it was a euryhaline osmoconformer 
relative to T e a l l i o c a r i s .
P a l a e m y s i s  and C r a n g o p s i s  frequently occur together in a m ore brackish water 
environm ent within the lagoon, although P a l a e m y s i s  does not extend over the 
full range of conditions tolerated by C r a n g o p s i s  to the west. T y r a n n o p h o n t e s ,  
how ever, is very restricted in its environm ental tolerance and is found only in 
the eastern-m ost localities of the lagoon. The sodium  concentrations of the 
cu ticle  ind icate  th a t C r a n g o p s i s  p ro d u ced  its cu ticle  in less m arine 
en v iro n m en ts  than  P a l a e m y s i s  and T y r a n n o p h o n t e s ,  and  that T e a l l i o c a r i s  
p roduced  its cuticle in an environm ent of h igher salinity. T y r a n n o p h o n t e s  is 
likely to have been stenohaline and adapted to near norm al m arine salinities, 
whereas, P a l a e m y s i s  was m ore euryhaline and possibly an osm oconformer. No 
firm conclusions can be draw n from this evidence, however, as only a few data 
points exist at the moment. Further work on the chem istry of the cuticle as well 
as the isotope geochem istry of extant and fossil crustaceans m ay support the 
above view. The evidence presented can only suggest a correlation between the 
so d iu m  concen tra tion  of the cuticle of the fossil c rustaceans and  the 
environm ental salinity conditions.
7.6 General overall statement.
The results of this study  show that Carboniferous crustaceans can be used as 
sensitive env ironm enta l ind icato rs of salin ity  conditions. Their m ode of 
preservation  can also help in determ ining  rap id  changes in environm ental 
conditions. The distribution nese crustaceans w ithin a single horizon over a 
single basin can give an indication of the salinity gradients, and therefore, the 
source direction of marine and non-marine waters.
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The m orphology and taxonomy of these crustaceans indicate that, despite the 
a p p a re n t ra p id  d iv e rs ific a tio n  to w ard s  the end  of the D evonian , 
eum alacostracan crustaceans have not evolved greatly through time, and that 
many extant orders are represented at an early stage in their developm ent.
The application of com m unity evolution to crustacean palaeocom m unities is 
m ade difficult due to their poor preservation potential.
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APPENDIX
V anadium  analyses by spectoscopic determ ination
INTRODUCTION: Vanadium  forms a yellow complex w ith alkali tungstate in 
so lu tions con ta in in g  phosphoric acid. The vanad ium  is concentrated  as a 
complex with 8-hydroxyquinoline.
REAGENTS:
a) 8-HYDROXYQUINOLINE 
SOLUTION:
b) CHLOROFORM:
c) SULPHURIC ACID 6N:
d) PHOSPHORIC ACID 5N:
e) SODIUM TUNGSTATE 
SOLUTION:
f) STANDARD VANADIUM 
SOLUTION (STOCK):
g) STANDARD VANADIUM 
WORKING SOLUTION:
h ) 2% SODIUM CARBONATE 
SOLUTION:
i) ANHYDROUS SODIUM 
CARBONATE:
j) POTASSIUM NITRATE:
d issolve lg m  in 100ml of 2N acetic 
acid (116ml concentrated a d d  in 
1000ml water)
add 162ml concentrated acid to 
800ml water in a 1000 ml m easuring 
cy linder. A llow  to cool an d  ad d  
w ater to the m ark.
105ml co n cen tra ted  acid in w ate r 
and dilute to 1000ml 
d isso lv e  8.25gm s of the d ih y d ra te  
in 50ml water.
d is s o lv e  0 .2 3 0 g m s of d r ie d  
am m onium  m etav an ad ate  in  w ater 
an d  d ilu te  to 500m l w ith  w a te r 
(contains 200gm s/m l V). 
d i lu te  th e  stock  so lu tio n  w ith  
w ate r to give a w ork ing  s tan d ard  
c o n ta in in g  lO u g m s /m l V (5.0ml 
stock solution dilu ted  to 100ml). 
dissolve 20gms anhydrous sodium  
carbonate in w ater and dilute to 
1000ml.
A1
k) METHYL ORANGE d isso lve  0.05gm s solid  in 100ml
INDICATOR SOLUTION: w ater.
PROCEDURE: Accurately w eigh 0.5 gms of finely pow dered  sedim ent in a 
platinum  crucible, add 3gms anhydrous sodium  carbonate and O.lgms potassium  
nitrate. Fuse the m ixture over a meker burner for 30 minutes.
Extract the m elt w ith  hot de-ion ised  w ater (approx im ately  90°Celsius), 
vacuum  filter using a m edium  or close-textured paper (W hatman No. 40 or 42) 
and  w ash well hot 2% sodium  carbonate solution. D iscard the residue and 
com bine the filtra te  an d  w ash ings. D ilu te  in d e-io n ised  w a te r to a 
concentration w ithin the range l-6ppm  if necessary.
Transfer the solution to a 100ml separating funnel, add  4 drops of m ethyl orange 
indicator solution and titrate w ith 6N sulphuric acid until the indicator turns 
pink. Swirl the solution to get rid of as m uch carbon dioxide and add  1ml of 8- 
hydroxyquinoline solution and  3ml of chloroform . Shake the solution for 1-2 
m inutes to extract the dark  coloured vanadium  complex, allow  the phases to 
separate and  rem ove the chloroform  layer to a p latinum  crucible. Rinse the 
funnel w ith  a little chloroform . A dd a fu rther 0.5ml of 8-hydroxyquinoline 
solution w ith 3ml of chloroform  and again extract by shaking for 1 m inute. If 
the extract show s an appreciable dark  colour repeat the extraction for a third 
time etc. discard the aqueous solution.
A dd O.lgms of sodium  carbonate to the chloroform  extracts (in the p latinum  
crucible) and  allow  the chloroform  to evaporate. Bum  off the organic m atter 
and  fuse the residue to convert all the vanadium  to sodium  vanadate. Dissolve 
the m elt by w arm ing w ith 2-3ml of water, add  1ml of 6N sulphuric acid, 1ml of 
5N phosphoric acid and 0.5ml of sodium  tungstate solution. H eat to boiling, 
cool, transfer to a 10ml volum etric flask and dilu te to the m ark w ith water. 
M easu re  th e  o p tica l d e n s ity  re la tiv e  to w a te r in  1cm cells u s in g  
u ltrav io le t/v isib le  spectrophotom eter set a t 400nm. P repare a blank solution 
using the same m ethod as before but om itting the rock powder.
A2
Vanadium  concentrations (ppm):
Top Hosie Limestone 11.45
Shrimp M ember 50.7
53.9
Posidonia M ember 45.3
41.9
N odular Shale M ember 57.8
53.55
CALIBRATION: Transfer aliquots of l-6m l of the standard  vanadium  working 
solution to separate 10ml volumetric flasks and add  to each: 
lm l 6N sulphuric acid 
lm l 5N phosphoric acid 
and 0.5ml sodium  tungstate solution
Also prepared a standard  blank w ith no standard  vanadium  w orking solution 
and all the above reageants. This gives standards containing:-
lugm /m l V 
2ugm /m l V 
3ugm /m l V 
4ugm /m l V 
5ugm /m l V 
6ugm /m l V
Plot optical density (abs) versus concentration for the corrected standards annd 
read off the unknow n concentrations from the corrected optical densities. These 
are then calculated u p  depending on the dilution prior to the extraction.
Spores
A c a n t h o t r i l e t e s  = A c a n . ;  A n a p i c u l a t i s p o r i t e s  = A n a p .  ; A u r o r a s p o r a  = A u r o r . ;  
B e l l i s p o r e s  = B e l l ;  C a l a m o s p o r a  = C a la . ,  C a l a m . ;  C i n g u l i z o n a t e s  = C i n g . ;  
C o n v o l u t i s p o r a  = C o n v . ;  C r a s s i s p o r a  = C r a s s . ;  D e n s o s p o r i t e s  = D e n s o . ;  
D i c t y o t r i l e t e s  = D ie t . ;  G r a n u l a t i s p o r i t e s  = G r a n u . ;  G r u m o s p o r i t e s  = G r u m i . ;  
K n o x i s p o r i t e s  = K n o x . ;  L e i o t r i l e t e s  = L e i o . ;  L y c o s p o r a  = L y c . ;  
M i c r o r e t i c u l a t i s p o r i t e s  = M i c r o . ;  P r o c o r o n a s p o r a  = P ro c .;  P u n c t a t i s p o r i t e s  = 
P u n c t . ;  S a v i t r i s p o r i t e s  = S a v . ;  S h u l z o s p o r a  = S c h u l z . ;  T h o l i s p o r i t e s  = T h o l . ;  
T r i p a r t i t e s  = T r ip . ;  V e r r u c o s i s p o r i t e s  = V e r r . ;  W a l t z i s p o r a  = W a l t z .
NSM = N o d u lar Shale M ember; THL = Top H osie Lim estone; SM = Shrim p 
Member.
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A4
Crustacean Data.
a)  T c a l l i o c a r i s ;  d i m e n s i o n s ,  vvt  =  w i d t h  o f  t e l s o n ;  It =  l e n g t h  o f  t e l s o n ;  la  =  
l e n g t h  o f  a b d o m e n ;  lc  =  l e n g t h  o f  c a r a p a c e ;  lr  =  l e n g t h  o f  r o s t r u m ;  Is =  l e n g t h  o f  
a n t e n n a l  s c a l e ;  T1 =  t o t a l  l e n g t h ;  a n t .  s p i n e s  =  n u m b e r  o f  s p i n e s  o n  t h e  a n t e n n a l  
s c a l e  ( m e a s u r e m e n t s  i n  m m ) .
b )  C r a n g o p s i s ;  d i m e n s i o n s .  Is  =  l e n g t h  o f  a n t e n n a l  s c a l e ;  l c  =  l e n g t h  o f  
c a r a p a c e ;  l a  =  l e n g t h  o f  a b d o m e n ;  16 =  l e n g t h  o f  s i x t h  a b d o m i n a l  s o m i t e ;  l u e x  =  
l e n g t h  o f  u r o p o d a l  e x o p o d ;  C  =  C r a n g o p s i s  f r o m  G r a n t o n ;  B =  C r a n g o p s i s  f r o m  
B e a r s d e n ;  W  =  W a t e r s t o n e l l a  f r o m  G r a n t o n  ( m e a s u r e m e n t s  i n  m m ) .
c)  P a l a e m y s i s ;  d i m e n s i o n s .  It =  l e n g t h  o f  t e l s o n ;  l u e x  =  l e n g t h  o f  u r o p o d a l  
e x o p o d ;  16 =  l e n g t h  o f  s i x t h  a b d o m i n a l  s o m i t e ;  I s  =  l e n g t h  o f  a n t e n n a l  s c a l e ;  l a  =  
l e n g t h  o f  a b d o m e n ;  l c  =  l e n g t h  o f  c a r a p a c e ;  1 =  P a l a e m y s i s  f r o m  B e a r s d e n ;  2  =  
P a l a e m y s i s  f r o m  G r a n t o n ;  B G S  =  A n t h r a c o p h a u s i a  h e l d  b y  t h e  B G S  
E d i n b u r g h ;  N o t t s  =  A n t h r a c o p h a u s i a  h e l d  b y  t h e  B G S  N o t t i n g h a m ;  E K  =  
P a l a e m y s i s  f r o m  E a s t  K i l b r i d e ;  S H  =  P a l a e m y s i s  f r o m  t h e  R e d  C l e u g h  B u r n ,  
S p o u t h e a d  ( m e a s u r e m e n t s  i n  m m ) .
d ) T e a l l i o c a r i s ;  t e g u m e n t a l  d u c t s ,  l c  =  l e n g t h  o f  c a r a p a c e ;  p / c  =  n u m b e r  o f  
t e g u m e n t a l  d u c t s  a l o n g  l e n g t h  o f  c a r a p a c e ;  G u l l  ( G )  =  G u l l a n e ;  B ' d e n  ( B )  =  
B e a r s d e n ;  D u n s  ( D )  =  D u n s ;  G l e n  ( G L )  =  G l e n c a r t h o l m  ( m e a s u r e m e n t s  i n  m m ) .
e )  C y c l u s ;  d i m e n s i o n s  ( m e a s u r e m e n t s  i n  c m ) .
f )  T e a l l i o c a r i s ;  c u t i c u l a r  c h e m i s t r y .
g )  C l a d i s t i c  m a t r i c e s  o f  f o s s i l  a n d  R e c e n t  C r u s t a c e a .
h )  X R D - t r a c e  o f  t h e  f r a n c o l i t e  i n  t h e  c u t i c l e  o f  P a la e m y s i s .  P  =  F r a n c o l i t e  
p e a k s ;  Q  =  q u a r t z  p e a k s ;  K  =  c l a y  p e a k s .
i )  P r o b e  a n a l y s e s  o f  f o s s i l  a n d  R e c e n t  C r u s t a c e a .  T  =  T e a l l i o c a r i s - ,  P  =  
P a l a e m y s i s ;  B  =  T y r r a n o p h o n t e s ;  C  =  C r a n g o p s i s ; S E D  =  s e d i m e n t ;  C N  =  
p h o s p h a t i c  n o d u l e s ;  M C  =  C a n c e r  ( M C 8 - 1 2  a f t e r  p h o s p h a t e  t r e a t m e n t ) .
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Glasgow v tU ) l t d ) la d ) l e d ) I r d ) l s d ) T ld ) an t.sp ines
G40 3.40 4.90 12.00 11.30 7.20 5.10 29.10 6.00
G43 2.50 3.80 8.40 10.90 6.10 4.10 24.60 6.00
G51 3.00 5.00 10.30 13.00 7.10 4.50 31.00 6.00
G52 3.60 5.80 13.50 14.60 31.40 6.00
G53 2.80 5.30 9.50 9.40 5.00 5.20 29.30 6.00
G55 2.90 4.40 10.20 12.00 7.10 5.00 28.70 6.00
G63 3.20 6.70 7.60 3.90 3.70 18.50 7.00
E.SP2C 3.00 8.20 11.00 6.50 4.90
G500 3.40 5.40 12.00 13.90 4.90 6.90 32.60
1887.25.1035 1.50 2.90 6.00 3.00 15.50
1887.25.1036 2.00 2.70
1887.25.1034 17.00
1887.25.1033 15.00 6.50
Grant+Glenc v t(3 ) lt (3 ) !a(3) !c(3) lr(3 ) ls(3 ) T!(3) ant
Grl 3.60 4.40 11.30 12.00 4.40 5.00 28.80
Gr2 13.70 15.50 7.70 5.50 35.60
Gr3 6.90 18.00 21.00 5.50 6.50 48.00
1881.39.4 3.30 4.70 10.90 15.00 6.50 4.90 31.80
1957.1.5014 9.90 4.10
1958.1.2652 3.40 4.50 10.60 13.60 6.30 4.90 31.00
5915 2.00 2.50 3.90 6.40 15.20
5918 5.10 5.50 15.00 14.70 7.20 7.20 39.90
5919 5.40 7.00 16.50 18.40 12.20 7.50 50.80
5920 16.00 5.50 6.80
5922 4.00 6.00 10.00 12.50 8.50 5.00 30.00
5925 1.30 1.80 3.40 5.00 2.30 11.00
5926 1.30 1.50 • 3.40 4.00 1.80 1.80 9.60
5928 2.40 4.50 9.50 11.30 22.10
5929 3.90 6.80
5921 13.80 8.40
19281(1) 4.30 5.40 15.30 14.80 5.80 27.60
19281(2) 3.00 3.70 10.00 11.00 23.40
13470 3.00 5.50 10.50 13.50 4.60 5.90 31.60
13471 3.70 5.20 11.10 14.20 5.00 7.00 34.60
13472 3.50 4.50 9.00 12.10 3.70 4.00 26.90
13473 4.00 6.10 13.00 16.00 34.90
13474 3.70 5.00 13.00 14.90 33.70
13475 2.20 3.30 5.80 7.40 17.10
13477 2.80 3.80 9.90
In35334 3.50 4.00 10.00 11.50 3.30 25.90
35335 4.20 6.80 10.90 17.00 41.60
35338 3.40 4.90 8.90 12.70 4.20 7.00 30.70
35353 3.10 4.90 14.40 12.90 27.30
38016 3.50 4.20 11.80 13.30 29.50
38022 5.20 6.80 18.80 20.90 7.40 48.80
60057 4.50 7.10 18.00
60060 4.40 5.20 13.00
60092 4.90 6.40 12.60 19.00 4.50 41.40
60094 17.60 5.20
60095 5.20 6.40 13.10 15.00 4.60 38.30
60108 3.50 4.50 11.90 15.00 3.20 5.60 31.20
1891 2.00 2.60 7.40 8.00 2.80 4.30 18.60
17265
1887.25.1035 1.50 2.90 6.00 3.00 15.50
1887.25.1036 2.00 2.70
1887.25.1034 17.00
IS97.25.!03? 15-00 6.5 :
Gullane vt(2) lt(2) la(2) lc(2) lr(2) ls(2) Tl(2) ant.spines
1 1.90 2.30 6.40 8.90 3.00 19.20
2 2.30 3.10 8.60 9.00 3.10 20.50 2.00
3 1.50 2.90 6.50 7.40 2.10 18.50 2.00
4 4.10 8.70 11.90 3.20 21.40 2.00
A1965 3.10 4.50 10.40 12.30 29.30 3.00
G432 2.70 4.50 10.50 13.80 4.60 6.90 ‘ 30.30 4.00
6313 3.00 4.20 11.30 12.40 4.20 7.80 32.20 4.00
6465 0.50 0.70 2.60 3.00 1.30 7.50 4.00
6434 1.90 2.90 6.00 9.20 3.50 4.30 20.00 4.00
G433 2.60 4.50 11.50 14.40 4.30 5.90 29.00 3.00
6327 3.20 5.00 11.80 14.50 3.80 7.30 32.70 2.00
1974.42.24 1.70 3.40 10.90 11.40 3.80 4.90 28.50 4.00
1974.42.84 2.00 4.20 10.40 13.20 4.40 5.50 30.70 3.00
1974.42.31 2.80 4.50 9.60 14.50 4.20 6.40 33.40 3.00
1983.18.11 2.30 3.90 8.50 12.10 3.40 5.10 26.00 3.00
1974.42.23 4.00 5.30 14.20 15.50 8.90 3.00
A2252 4.60 5.00 12.50 12.80 8.00 5.20 24.50 2.00
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A8
d PITS Teal 1! i o c a r i s
p i ta ^ n r2 lc Spec (GULL) p its /n m 2 lc B’den p/c,G p/c.B
;
2
144 8 .7 GY1957.1.5036 43 13 .9 G500 1252.8 5 9 7 .7
144 7 .5 GY1983 .18 .3 47 11.3 G40 1080.0 531.13 130 7 .8 GY1967.1.5062 44 13.0 G51 1014.0 572 .04 ICO 14.5 57 9 .4 G53 1450.0 5 3 5 .85 61 20 .0 45 12.0 G55 540 .06 77 7 .6 G63 5 8 5 .2
p i ts /n n 2 lc sp ec  (DUNS)
PITS T e a l l i o c a r i s  
p /C ,D  p its /m n 2 lc sp e c  (GLEN) p/c,GL
36 13.33 BGS5942 479.88 44 8.6 8GS5916 344
e
CYCLUS DATA
C. ranklnl Full length Width of thorax Length of thorax C. martlnensls Full length Length of thorax Width of tt
i 1 1.170 0.900 0.500 GSM102638 1.250 0.667 0.967
2 46 0.730 0.560 0.370 102639
3 A2803/3 1.260 102640 1.117 0.700 0.883
4 A2806/2 0.830 0.590 0.370 102642 1.150 0.717 0.883
5 105 1.100 0.790 102643a 0.883 0.567 0.700
6 106 0.910 0.610 102643b 0.933 0.583 0.700
7 A2803/2 1.200 0.820 102644 1.267 0.783 0.950
8 A2806/1 0.400 0.340 102645 0.967 0.617 0.700
9 A2807 1.160 0.870 0.570 102646 0.900 0.583 . .0.667
10 A2806/3 1.150 0.960 0.610 102647 1.300 0.833 C.967
11 A2803/1 1.600 1.000 0.780 103088 1.183 0.800 1.033
12 G64 1.400 0.800 0.640
13 E.SPEC. 0.640 0.510
14 A21489 0.740 0.520 0.420
< i; A2800/1 1.470 1.220 0.870
16 A2800/2 1.700 1.340 0.980
17 A2800/3 1.550 1.110 0.820
18 A2800/4 1.200 0.800 0.520
19 A2800/5 1.350 0.830 0.540
f
Element Pore canal Epicuticle
Element
F ib ril
% T ealliocaris  
Exo. 5 Exo. 6 Exo. 7 Exo. 7 '
1 Si 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1224
2 Ti 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1011
3 Fe 0.1536 0.0000 0.0000 0.1289 0.1852 0.1478 0.0000
4 Mg 0.6268 0.0000 0.0000 0.0000 0.1707 0.0000 0.0000
5 Ca 34.5209 31.8764 32.4712 32.5398 35.2357 33.8509 35.9366
6 Ka 2.4827 0.4895 0.3070 0.4048 0.3408 0.0000 0.3150
7 I 0.0920 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8 P 14.1634 13.6758 13.8962 13.8789 15.0053 13.8818 15.1210
9 S 0.2947 0.2119 0.1902 0.1453 0.1852 0.1422 0.1775
Exo. 8 Exo. 9 Altered Cut.
1 0.0000 0.0000 0.0000
2 0.0000 0.0000 0.0000
3 0.0000 0.2270 0.1406
4 0.2098 0.2218 0.4965
5 36.6745 36.9353 38.0560
6 0.5347 0.6397 0.0000
7 0.0000 0.0000 0.0000
8 15.2035 15.1815 0.5399
9 0.1795 0.1924 0.2076 '
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FossiI and Recent Crustacea
1. Tail fan: deltoid, rectangular or sub-rectanguIar;open <no uropodal membranes)
2. te lso n : t r ia n g u la r ,  s u b rec tan g u la r; complex (caudal fu rc a ,m u lt ip le  caudal f la p s ) ;
3. 6 th  abdominal som ite: longest; no t longest;
4. 3rd  abdominal som ite: en la rg ed ; u n d if fe r e n t ia te d  from fo u rth ;
$. 2nd abdominal p le u ra : en larg ed  to  cover 1st and 2n d ;u n d if fe r e n t ia te d ;
6 . 1st abdominal som ite: s h o r te s t; u n d if fe r e n t ia te d ;
7. pleopods: la m e lla te ; f la g e l la r ;
8. ca rap ace :yes; no;
9 . c e rv ic a l groove: H; U; 0; 
rostrum : p res en t; s h o rt o r absent; 
thoracopods u n d if fe r e n t ia te d :  a l l ;  some; 
thoracopods su b ch e la te : none; some; 
thoracopods: s tenopods; f I  age I I a r ;
14. epipods: la rg e ; absent o r  g r e a t ly  reduced;
15. carapace: covers th orax; th o ra c ic  te r g i te s  v is ib le ;
16. an ten nu les: 3 f I  age I la ; 2 f I  age I la ; 
antennae: 2 f la g e l la ; s in g le  f la g e l la ;  
thoracopods c h e la te : none; some;
19. seminal re c e p ta c le : p re s e n t; absent;
20 . number o f  "w alking" thoracopods: <5; 5 ; 6; 7 ; 8;
1 0 .
1 1 .
1 2 .
13.
17.
18.
"==Data==========
PygocephaI us 
Tea I I i  ocar i s 
PseudogaI a thea 
Crangops i s 
K a lIid e c h th e s  
Anthracophaus i a 
B elo te ls o n  
fln th ra c a ri s 
J o a n e Ilia  
P erim ecturus  
Ba i rdops 
P Ieu ro car i s 
Pa Iaeocar i s 
Praenasp i des 
M ini ca r i s 
fin th racocar i s 
Pa Iaemys i s 
Ua te rs  tone I I a 
Decapod outgroup
& 1
Mysid outgroup 0001
8, 1
S yncarid  outgroup 0011
& 1
Euphausiacean outgroup 0001
& 1
Stomatopod .outgroup 1111
8< 0
Tanaidacean outgroup  
8.
1011
Pygocepha1omorph o u t 0111
e
bssss;
123456789.....................
==1
01111170100001011002  
00100000100000011011  
0011177010000701101?  
00010100010001711014  
77?101700100?171101?  
0001117070000171101?  
00011170700001711014  
01111107100001011002  
0001010001000171101?  
1111110010110110101? 
1011110010110110101? 
10111171217000111014 
10111171217000111014 
10111171217000111014 
10111111217000111014 
10111170117?17170013 
00010100010011011013  
00010100010001111014  
00100000101000011011  
010 1 1 
000000111002  
11711 13
1111210000111014  
0
1100110001011014  
011 1 
1 1 1 0 0 1 0 1 1 0 1 1 0 1 0 1 0  
1
1 1
CycI us and the Max i I Ii poda
1. flntenna: two fI age I la; one fI age I la;
2 . Head sh i e Id  w i th  ca rap ace : presen t ; absen t ;
3. S ubchelate lim bs: 0; 1; 2;
4. ‘ w a lk in g ’ Iim bs: 4; 5; 0;
5. Abdominal som ites: 5; > 4 ;unsegmented;
6 . T a il  fan : caudal fu rc a ; c l e f t  abdomen;
7. Antennules: s h o rt; long;
8 . Antennules: 10 o r less a r t ic le s ;  g re a te r  than ten a r t ic le s ;
9 . S ix th  thoracopod in m ale: m o d ified  sex organ, no t sex organ o r s h o rt/a b s e n t;
10. Body form: e lo n g a te ; o v a te ; h ig h ly  m o d ified ;
11. A dapta tion : m ostly  fre e  l iv in g ;  m o d ified  p a r a s it ic ;
12. M a x illu le s :  developed as suckers; no t suckers;
13. Body f le x u re  between 6 th  th o ra c ic  som ite and 1st abdominal som ite- yes- no-
"==0ata===============123456789.....................
CycI us 
CaIano i da 
&
M i sophr i o i da 
H a rp a c tic o id a  
Mormon 11 lo id a  
M onstri I lo 'ida  
CycIopo i da 
Poec i I  os toma to  i da 
S i phonos toma to  i da 
8.
A rguIo i da
“ 10snns»>f«cini
c
1021001101010
1111001100011
1
1071001111010
1171000010010
1175701012110
1172701112110
1171001111010
1172700012110
1172700012110
11
1000210011100
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Other elements of the Manse Bum Formation fossil assemblages.
a) Bivalve spat dimensions. SM = Shrimp Member samples; PM = Posidonia 
Member samples (measurements in mm).
b) Orientation and position of P a l a e m y s i s .  Based on data obtained during the 
major excavation (Shrimp Member), p = P a l a e m y s i s ; (t) = tail fan; (a) = 
abdomen; (h) = anterior portion; c = C y c l u s ;  F = fish.
c) Orientation and position of orthocones. Based on data obtained during the 
major excavation (Posidonia Member).
d) Orientation and position of sharks. Based on data obtained during the major 
excavation (Posidonia Member).
e) % composition of assemblage.
f) G raph show ing the distribution of fossils collected during  the major r , 
excavation.
g) Graphs of bivalve spat dimensions. SM = Shrimp Member; PM = Posidonia 
Member.
A13
I ! SS!!!5!!S!!S5!!Si5S!!5!S?SS!!!!!!!5i!5!J58!SI!ISH!!ii!S 
I $!S388!H!!S!S18!!ii!Ji!l!!38!l!!!i!!S!i552!8S8!88i8!!i!
2
“~', ' '“’'*,' " Q'asui!zascssRf3aBawi8tsRK»ss*as[«i*RiRRs»c5*w*tt»eaaaaa»*
t  I  !
j  3 S iS S S S I i ! S iS I S iS S ! i iS i lS ! S § i! i ! S ! S S iS lS ! 3 S S S iS § l  
|  133SSSSS3SiSi§§SSS3SS§SSS3iS§3SSS33iSSiiS3S S i !  S
33S«sssg^^i:i:Kxi:feic8z8:zii)s&ss;;t!c;ii!»Fvtssssses&sss =
( / )  *
j  ! ! ! S ! l S ! ! ! ! ! ! S ! ! i i S ! S ! S ! ! ! i i S l S I ! ! S ! ! l ! i ! ! S ! i ! S S S ! l l i ! l ! ! ! ! S S S
I 33183333333 S 2 5 8 § S !l!g lilS IS iillIS sll2 llsS lls!ll!lfl? iillllli!
 -------- - • » 2 : t ! = ^ s ^ 5 : s s a n R K i « ! ; R K B s H R S K * K ^ s ; 5 i 5 ? * * 5 n a z a a j a 3 i K a s 3 ; 3
CO
A14
bobject angle X Y object angle
1 p tt ) 0.00 11.37 5.22 63 p tt) 270.00
2 p (t) 0.00 13.40 3.80 64 F 270.00
3 p tt) 0.00 17.60 5.47 65 p tt) 270.00
4 pta) 0.00 16.20 2.90 66 p tt ) 290.00
5 c 0.00 19.31 3.98 67 pth) 300.00
6 p tt ) 5.00 17.39 5.25 68 p tt) 300.00
7 pta) 8.00 17.64 5.65 69 pth) 300.00
8 p tt ) 8.00 17.60 5.60 70 p tt ) 315.00
9 p tt) 20.00 9.65 4.77 71 p tt) 320.00
10 p tt) 20.00 9.80 5.50 72 p tt ) 330.00
11 pta) 20.00 10.38 ■ 5.35 73 p tt) 340.00
12 pta) 20.00 9.90 6.03 74 p tt) 340.00
13 pta) 20.00 11.16 5.24 75 pth) 340.00
14 pta) 20.00 18.47 4.94 76 pta)
15 pta) 30.00 10.44 4.30 77 p tt)
16 p tt ) 30.00 18.00 4.57 78 p tt )
17 p tt) 30.00 18.04 4.63 79 pta)
18 pta) 40.00 8.53 2.65 80 pta)
19 p tt ) 40.00 19.45 3.50 81 P
20 pta) 45.00 13.55 2.90 82 P
21 p(h) 45.00 17.50 5.40 ‘ 83 P
22 pta) 45.00 19.20 3.27 84 P
23 pta) 50.00 8.50 2.62 85 P
24 p tt ) 55.00 15.18 4.69 86 P
25 p tt) 65.00 9.45 2.44 87 P
26 p tt ) 70.00 11.39 5.74 88 P
27 p tt) 85.00 11.10 6.48 89 P
28 p tt ) 90.00 8.68 2.25 90 P
29 pta) 90.00 13.40 3.80
30 pta) 90.00 15.32 4.03
31 pta) 90.00 16.05 2.92
32 p tt ) 90.00 16.84 2.27
33 p tt) 90.00 18.25 4.48
34 p tt) 98.00 8.47 2.59
35 pta) 100.00 10.22 3.82
36 p tt ) 100.00 19.91 3.45
37 p tt ) 110.00 11.39 5.60
38 pta) 117.00 8.20 2.25
39 p tt) 120.00 8.60 3.23
40 p tt ) 120.00 13.85 2.59
41 p tt ) 120.00 15.50 4.10
42 p tt ) 120.00 15.75 4.25
43 pta) 120.00 17.82 5.40
44 p tt ) 120.00 19.99 3.66
45 p tt) 125.00 9.15 2.30
46 c 130.00 11.01 5.25
47 p tt) 130.00 17.80 5.39
48 p tt) 140.00 11.88 5.02
49 pta) 160.00 11.35 5.75
50 pta) 160.00 19.95 3.47
51 c 180.00 13.28 2.84
52 pth) 180.00 13.90 2.45
53 p tt ) 180.00 15.80 4.10
54 p tt ) 180.00 20.03 5.70
55 p tt ) 182.00 13.70 3.70
56 p tt ) 210.00 11.21 5.17
57 p tt) 210.00 18.39 4.65
58 p tt ) 215.00 15.40 4.08
59 p tt ) 240.00 13.70 2.30
60 p tt ) 250.00 10.20 4.40
61 p tt) 260.00 8.15 2.60
62, p t t ) 205-M 13-80 5.30
13.53
15.20 
15.72
20 .55  
15.75 
19.16 
2C.65 
11.48
17.30 
11.81
10.40 in 53
10.52
9.30
9.70
9.70
11.40
11.55
11.52 
11.92 
13.50 
13.15 
18.25 
19.60 
19.45 
19.35 
20.80
20.20
Y
2.90
4.90 
4 .87
5.10 
4 .25  
3 .24
5.90
5.57  
5 .30  
5 .1 3
6.10 
6 .1 8  
6 .1 5  
6.00
5.60 
5.40 
5.70 
5.54 
5.12
5.57 
3.50 
2.75 
4.00 
3.53
3.60 
3.35 
5.64
5 .90
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dSharks X Y angle
1 cl 9.400 6.900 315.000
2 cl 9.600 2.800 45.000
3 de 9.800 2.200 315.000
4 cl 10.500 3.500
5 cl 10.600 2.400 45.000
6 cl 11.000 6.700 225.000
7 cl 11.200 5.700 315.000
8 cl 12.300 3.300
9 cl 12.700 6.800 270.000
10 cl 14.400 3.600 265.000
11 cl 19.400 5.500 190.000
12 cl 20.800 4.400 40.000
13 cl 21.600 5.100
14 cl 23.400 6.500 165.000
15 cl 21.800 6.100 140.000
16 cl 21.700 7.300 200.000
17 de 20.200 7.200 140.000
Bearsden Fauna %
Sample Posidonia Modiolus Nucula Pecten G astrop .(fia t) Gastrop(high) Plant debr
1 134 0.000 0.000 36.232 3.623 28.986 7.246 5.797
2 75 0.450 0.000 90.290 0.000 2.260 0.000 2.260
3 65 3.500 0.200 1.060 0.000 95.200 0.000 0.000
4 85 0.000 0.000 44.640 1.786 44.640 0.000 8.930
5 45 23.810 1.587 3.175 15.873 55.556 0.000 • 0.000
6 35 0.000 0.000 44.248 2.655 44.248 0.000 8.853
7 55 4.167 1.042 1.042 0.000 93.750 0.000 0.000
8 95 0.000 0.000 0.000 8.333 0.000 0.000 41.667
9 105 0.000 0.000 51.546 0.000 41.237 0.000 5.155
10 25 0.000 6.818 0.000 o.ccc 0.000 0.000 11.364
11 115 0.000 0.000 0.000 C.COG 0.000 0.000 16.327
Lingula Fish Debris N aiadites Conodonts Crangcpsis Ostracods
1 4.348 2.174 7.246 0.725 0.000 3.623
2 4.510 0.226 0.000 0.000 C.000 0.000
3 0.000 0.000 0.000 0.000 0.000 0.000
4 0.000 0.000 0.000 0.000 0.000 0.000
5 0.000 0.000 0.000 0.000 0.000 0.000
6 0.000 0.000 0.000 0.000 0.000 0.000
7 . 0.000 0.000 0.000 0.000 0.000 0.000
8 20.833 4.167 25.000 0.000 0.000 0.000
9 0.000 2.062 0.000 0.000 0.000 0.000
10 0.000 11.364 22.727 2.273 45.455 9.000
11 20.408 2.041 61.224 0.000 0.000 0.000
A17
Distribution ofiossils from the Bcarsden excavation
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Chemistry of the Sediments.
a) Trace element chemistry of the Manse Burn Formation. SM = Shrimp 
Member; THL = Top Hosie Limestone; PM = Posidonia Member; NSM = Nodular 
Shale Member; NASC = North American Shale Composite; A /N  = phosphatic 
nodule; A /N 2 = phosphatic nodule after dialysis; NaCl = salt used in dialysis 
experiment.
b) Comparison of rare earth elements.
c) XRD-traces of Manse Burn Formation shales. From the Shrimp Member: PG = 
Powgree Bum; CB = Corrie Bum; MB = Manse Burn; HG = Hindog Glen; BW = 
Bridge of Weir; RCB = Red Cleugh Bum; SG = Swinlees Glen; BB = Burniebrae 
Bum;
Other Members: E = Lingula Member; D = Platey Shale Member; C = N odular 
Shale Member; B = Posidonia Member; H = Top Hosie Limestone and marine 
shale.
d) %  area of XRD-trace peaks for different minerals.
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b Comparative Trace Elem.
Horizon horizon Ce (ppm) La (ppm) Locality CeAa CeLa«/LaCe«
1 SM A 93 46 B 2.022 0.942 ■
2 THL Lst 93 33 B 2.818 1.313
3 PH D 85 39 B 2.179 1.015
4 black mud (KSK) BH 64 39 B 1.641 0.765
5 cop ro lite l Cl 2356 523 C 4.505 2.099
6 copro!ite2 C2 275 23 C 11.957 5.572
7 Grandjean '87 PI 176 65 G 2.708 1.262
8 P3 165 259 G 0.638 0.297
9 P4 672 544 G ■ 1.235 0.576
10 P5 1135 471 G 2.410 1.123
11 P7 600 243 G 2.469 1.151
12 P8 1007 719 G 1.401 0.653
13 P9 151 148 G 1.020 0.475
14 P10 242 99 G 2.435 1.135
15 P ll 14 20 G 0.707 0.329
16 P12 503 282 G 1.784 0.831
17 P13A 30 51 G 0.601 0.280
18 P13B 21 45 G 0.473 , 0.220
19 P14 13 43 G 0.302 0.141
20 P15 10 7 G 1.398 0.651
21 PI 6 9 8 G 1.086 0.506
22 Pl6a 108 82 G 1.318 0.614
23 Pl6b 131 96 G 1.368 0.637 ‘
24 H 6c 134 110 G 1.218 0.568
25 p ied 53 37 G 1.429 0.666
26 P16e 46 34 G 1.353 0.630
27 A16 175 75 G . 2 .3 3 3 1.087
28 P16f 61 73 G 0.836 0.390
29 P21 1390 1052 G 1.321 0.616
30 P18b 30 28 G 1.060 0.494
31 P19 549 468 G 1.173 0.547
32 P2Q 1 1 G 1.994 0.929
33 P22 30 16 G 1.955 0.911
34
001o ■HASC’ 67 31 GR 2.145 1.000
35 E lfe rfie ld Sea Vater 66 37 E 1.807 0.842
36 17 13 E 1.292 0.602
37 22 17 E 1.312 0.611
38 18 22 E 0.818 0.381
39 25 25 E 0.980 0.457
40 10 21 E 0.463 0.216
41 21 E
42 10 23 E 0.426 0.199
43 26 29 - E 0.888 0.414
44 19 33 E 0.592 0.276
45 55 54 E 1.013 0.472
46 De Baar Seawater 2 86 15 D 5.733 2.672
47 80 12 D 6.667 3.107
48 42 12 D 3.415 1.591
49 30 13 D 2.326 1.084
50 23 17 D 1.377 0.642
51 18 18 D 1.011 0.471
52 16 21 D 0.751 0.350
53 15 22 D 0.676 0.315
54 23 27‘ D 0.846 0.394
55 15 26 D -  0.573 0.267
56 14 26 D 0.534 0.249
57 D
58 20 D
59 16 47 D 0.343 0.160
60 44 84 D 0.525 0.245
61 44 81 D 0.545 0.254
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Area *  B'den seds
Muscovite Kaolinite Ouartz Pyrite C alcite Phosphate Sample
8.245 28.381 60.335 3.039 0.000 0.000 BH123*
6.262 31.697 52.532 9.509 0.000 0.000 BH134%
7.740 20.768 58.900 2.856 9.736 . 0.000 BH142s%
5.270 11.236 32.853 4.494 46.146 0.000 BH142n*
7.429 20.471 66.271 5.829 0.000 0.000 Mean SM
10.280 24.663 54.984 10.073 0.000 0.000 BAlt
4.783 24.335 61.595 9.287 0.000 0.000 BA165%
10.130 49.959 27.175 12.736 0.000 0.000 BB3S*
7.214 42.224 33.673 16.890 0.000 0.000 BB45*
8.701 51.058 40.241 0.000 0.000 0.000 BB55*
8.985 28.986 42.319 19.710 0.000 0.000 • BB65%
7.956 38.892 33.589 19.563 0.000 0.000 BB75%
9.203 45.282 26.468 19.047 0.000 0.000 B385*
10.937 47.785 29.908 11.370 0.000 0.000 BC95%
9.002 45.910 27.853 17.235 0.000 0.000 80105%
7.818 46.910 31.869 13.403 0.000 0.000 BE25%
8.374 49.626 38.205 3.795 0.000 0.000 BE115*
10.101 44.613 36.532 8.754 0.000 0.000 BE15»
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Enterospire data
a) Probe analyses of enterospiral contents. F = fish fragments; SED = sediment 
surrounding enterospire; B = bivalves; PF = pore filling cement; P = pyrite, 
sphalerite, bayrite; C = enterospire groundmass; NOD = crustacean bacterial 
nodule; GUT = inter-whorl cement; CRUST = crustacean calcite nodules and 
associated cuticle.
Section
NCA1: C l, PF1, Bl, SED1, B2, B2R, B3, FI, F2, F3, BB1, CA.
NCB1: FT1, PF2, F4, FT2, F6, F7, F8, F9, F10, F ll, BB2, F12, F13, PI, P2, 
CB1, CB2, NODI, NOD2, NOD3.
NCC1: D l, BB3, F14, B4, F15, F16, F17, CC1, PF3.
NCC2: NCC2, GUT1, PI, NCC3, FN1, FN2, PF1, PF2, F18, F19, F20, 
F21, F22.
NCA2: PF4, PF5, PF6, F23, F24, F25, P3, P4, C2, C3, P5, P6.
NCB2: P7, PF6, PF7, C4, PF8.
NCC3: CRUST1, PF9, F26, PF10, SED2, SED3, C l, PF11.
NCB4: C l, C2P, C2, C3, C4, C5, C6, C6P (am phipolar crustacean 
coprolites).
NCA3: P12, F27, SED4, SED5.
NCA4: C2, PF13, F28, F29, C3, SED6.
NCB3: PF14, PF15, F30E, F31E, F32E, F33E, PF16, F34E, F35E, F36E, 
F37E, F38E, F39E, C4, SED7.
NC-l-ABC: SED8C, SED9D, CRUST2, CRUST3, CRUST4, CRUST5, 
CRUST6, CRUST 7, AV SED10.
b) Enterospire dimensions. T1 = total length; mt = maximum width; lmt = 
maximum length to maximum width; nt = nodule thickness, (measurements in 
mm).
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aElement Cl PF1
probe coprol. *e!er.t 
B! SED1 B2
; Si 1.830 18.859 19.458 5.327 5.364
2 .41 0.825 13.344 13.962 2.618 2.537
3 Ba C.523 0 .000 0.135 0.000 0.219
4 Fe 0.641 0.699 0.545 1.314 0.348
5 Ca 15.123 3.331 1.054 16.022 4.469
6 Kg 1.038 0.163 0.280 0.495 0.476
7 Kn 0 .000 0.000 0 .000 0.000 0.000
8 Nd 0.473 1.931 1.724 0.354- 1.815
0 i 0.197 0.285 1.323 0.552 0.330
10 p 5.137 0.000 0.000 7.760 0.000
i : s 0.254 0.088 0.142 0.000 0.399
12 Cl 1.55! 0.000 0.389 0.000 0.686
13 Si 0.000 0.000 0 .000 0.000 0.000
B2R
2.842
0.330
0.000
0.128
11.995
0.279
0.000
0.416
0.000
6.396
0.067
0.000
0.000
S3
0.160 
0.000 
0.000 
0.167 
7.822 
0.167 
0.000 
0.458 
G .092 
0.193 
0.269 
0.318 
0.000
FI
3.879
1.056
0.000
0.412
21.844
0.249
0.000
0.393
0.112
2.530
0.374
0.316
0.000
P2
0.000
0.000
0.000
0.000
6.216
0.000
0.000
0.796
0.000
9.116
0.161
0.000
0.000
F3
0.000
0.000
0.000
0.131
15.825
0.217
0.000
0.695
0.000
9.149
0.141
0.000
0.000
BBl
19.682
0.000
0.000
0.000
0.169
0.000
0.000
0.000
0.000
0.000
0.263
0.000
0.000
CA
0.613
0.299
0.149
0.000
10.947
0.344
0.000
0.548
0.122
5.836
0.072
0.256
0.000
FT1
4.280
1.438
0.000
0.406
12.442
0.723
0.000
0.591
0.779
4.719
0.220
0.071
0.000
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12
13
1
2
3
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probe copro l. %elemt.
PF2 F4 F5 FT2 F6 F7 F8
6 .537
5 .908
0.126
0.201
1.823
0.779
0.000
0.360
0.398
0.000
0.230
0.370
0.000
5.551
0.901
1.002
0.371
17.435
2.455
0.000
0.413
0.654
8.139
0.121
0.170
0.000
0.095
0.000
0.000
0.000
15.830
0.161
0.000
0.392
0.000
9.171
0.000
0.087
0.000
0.148
0.116
0.000
0.224
22.106
0.191
0.000
0.720
0.000
10.254
0.760
0.268
0.144
18.949
0.438
0.108
0.213
14.533
0.286
0.000
0.000
0.093
5.289
0.156
0.356
0.000
17.041 
5.929 
0.000 
1.172 
7.945 
0.772 
0.000 
0.944 
5.553 
3.397 • 
0.000 
0.000 
0.000
0.000
0.000
0.000
0.000
14.971
0.000
0.000
0.527
0.000
8.773
0.086
0.000
0.000
F9
0.000
0.000
0.000
0.000
22.833
0.000
0.000
0.402
0.000
11.683
0.141
0.000
0.000
F10
25.720
0.491
0.000
0.218
9.797
0.000
0.000
0.420
0.000
4.502
0.247
0.068
0.000
Fll
0.000
0.000
0.000
0.000
16.180
0.000
0.000
0.000
0.000
9.287
0.166
0.000
0.000
BB2
8.694
3.055
0.269
1.769
14.418
1.061
0.000
2.328
0.220
3.917
0.391
1.549
0.000
F12
0.260
0.000
0.000
0.000
9.695
0.000
0.000
0.577
0.000
6.291
0.000
0.000
0.000
F13
0.000
0.000
0.078
0.000
8.286
0.114
0.000
0.342
0.000
5.980
0.065
0.000
0.000
PI
3.845
1.263
0.823
2.649
12.434
2.514
0.000
0.495
0.217
1.507
2.351
3.873
0.000
P2
0.961
0.441
0.000
4.679
2.632
0.000
0.000
0.000
0.069
0.284
14.201
0.000
0.000
CB1
3.320
1.194
0.218
0.512
16.648
0.839
0.000
0.538
0.170
6.732
0.253
0.704
0.000
CB2
7.714
1.133
0.232
1.102
10.679
1.572
0.000
0.413
0.326
3.424
0.223
0.619
0.000
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I
2
3
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6
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6
9
10
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
1
2
3
4
5
8
7
8
9
10
11
12
13
14
LU'O.rO' I’l
Si 0 8 5 7
Al 0.313
64 0 000
U  1 577
C4 25.272
Mg 0  953
Mn 0 0 0 0
H* OOOO
K OOOO
P OOOO
S OOOO
Cl OOOO
Hi OOOO
Zn OOOO
iibi • 1-*
3.336 0  089
1.461 OOOO0.000 OOOO
1.500 0 110
22.295 22.104
0 ,650  0  127
0 .180  OOOO
0 3 0 2  0 433
0.144 0.242
OOOO 11.046
0 .297  0.176
0 3 5 1  0  098
OOOO OOOO
OOOO OOOO
• 6 309 19 070
l 2 039 IU702
0  070 0 092
0 5 9 6  0 5 1 2
13 3 5  9 673
0 5 5 3  0 2560.000 OOOO
1.207 5 829
0 6 0 3  0  306
OOOO 2 230
OOOO 0 0 8 7
OOOO OOOO
0.000 OOOO
OOOO OOOO
0 000 0  000
OOOO OOOO0 000 OOOO
OOOO OOOO
14 555 15 787
O OOO 0 COO
OOOO 0.000
0 8 0 5  0 5 7 8
0 079 0  078
6 6 4 7  9 4 2 6
0 .080  0  113
0.000 OOOO
OOOO OOOO
OOOO 0.000
2 289 7 345
0  294 5 51c
OOOO 0  897
0  431 4 531
17.416 10^8
0.404 13 08
OOOO 0.102OOOO 1096
OOOO 0 5 1 8
5 3 4 8  0 3 9 2
OOOO 1043
0.000  4 3 02
0.000 0.000
OOOO OOOO
NODI N002
6 0 3 7  1 3 3 8
3 6 3 7  0 5 1 3
OOOO 0.171
2 0 9 4  0  550
1 3603  13371
0 5 6 1  0.808
OOOO OOOO
OOOO 0 5 5 8
0 0 9 8  0.111
0.192 0.151
0.440 0 3 4 7
0.133 0 6 2 8
OOOO OOOO
OOOO OOOO
N003 NCC2
2 5 0 9  0 3 5 5
1 6 5 0  0 101
OOOO OOOO
0.440  0 3 0 3
12.150 7.461
0 3 9 3  0 3 9 2
OOOO OOOO
OOOO OOOO
0 5 2 1  OOOO
5.786  0.000
0 5 0 4  0.374
0 0 6 2  0061
OOOO OOOOOOOO 0.000
CUT 1 Pi
2 3 9 7  0 000
1521 0.000
0.789 0.000
1 2 2 3  5 007
8.129 2.772
0 5 8 0  0.000
OjOOO OOOO
0 6 6 0  OOOO
18.118 OOOO
2.163 0 3 5 6
0 .495 14.353
17.420 OOOOOOOO 0 000
0 3 0 5  OOOO
HCC3 FN1
1.947 0.000
0.712 OOOOOOOO 0.000
0.426 OjOOO
2 2 2 7 2  17.098
0 3 6 7  0 .125
0.000  OOOO
0.474 0 .415
0.122 OOOO
9 0 5 8  9 3 7 8
0.174 0 2 1 2
0 0 0 0  OOOO
OOOO OOOO
0.000 OOOO
FN2 PFI
0 0 6 8  14.932
OjOOO 9211
OOOO 0 0 8 8
OOOO 1 366
5.076  7 822
OOOO 0.790
OOOO OOOO
OOOO OOOO
OOOO 1.417
4 .143 OOOO
0.129  0.078
0 0 4 3  0 0 7 0
OOOO OOOO
0 2 1 2  OOOO
Pf2 F18
3 5 3 6  22.976
1.109 0.450
0 5 5 6  OOOO
1.165 0.194
1 1 5 8 8  5 .792
1.759 0 3 9 8
OOOO OOOO
OOOO OOOO
0.143 OOOO
OOOO 0 0 3 9
0.403 0 0 7 9
0.107 0 0 9 5
OOOO OOOO
OOOO OOOO
F19 F20
11.170 3 0 79
1381 14 3 6
0 0 8 5  0 5 4 9
0 .729  1 1 4 9
5 5 8 8  11014
0 5 2 7  0 0 2 7
OOOO OOOO
OOOO 0.723
0.175  0241
OOOO 3 0 8 9
0 3 9 5  1512
0.113 2 0 1 9
OOOO OOOO
OOOO 0.191
F21 f22
0 8 6 4  0 000
0.494 OOOO
0 0 7 4  OOOO
1.975 0 .000
17.123 11515
0 2 7 6  0.142
OOOO OOOO
0 2 9 9  0 0 1 5
OOOO OOOO
0 0 6 2  7.37!
0 3 6 2  0 2 0 4
0  4 6 0  0.055
OOOO OOOO
OOOO OOOO
PT4 PF5
1.724 0 6 6 3
0 6 9 7  0 3 9 4
0.280 9.733
0 5 8 9  OOOO
12.825 0 .750
1 5 4 4  OOOO
OOOO OOOO
OOOO OOOO
0 0 9 3  OOOO
OOOO OOOO
0.421 8 0 2 8
0 .163 OOOO
OjOOO OOOO
OOOO OOOO
P f6  F23
13 3 0 4  2.468
1 2 6 4 6  10 0 8
3.714 OOOO
0 3 2 5  0 5 5 9
1.749 5511
0 3 8 3  0 6 0 4
OOOO OOOO
0 5 2 9  2 6 3 3
0 2 1 7  0 2 4 7
OOOO OOOO
3 3 3 0  2 0 0 6
0 .126  2.452
OOOO OOOO
OOOO OOOO
f24
0 0 8 8
0 0 9 3
0.000
OOOO
14.779
03 5 1
OOOO
0.328
0.000
5 3 7 0
0 0 7 0
OOOO0.000
OOOO
F25
0 2 2 4OOOO
OOOO
OOOO
55.728
OOOO
OOOO
OOOO
OOOO
4.167
0.116
OOOO
OOOO
0.129
0.086
0 2 6 9
3331
OOOO
0.722
0.000
OOOO
OOOO
OOOO
0.166
4.527
OOOO
OOOO
0.168
P4
0.000 
OOOO 
3 154
OOOO 
0.487 OOOO 
0.000 
0.451 
OOOO 
0.100 
4.711 
OOOO 
0.000 
0 2 3 0
C2
7 012 
6 4 0 4  
0.296 
3.003 
19.735 
1 2*2  
OOOO 
OOOO
0 0 0 0  
1.921
1 241 
1.1*3 
OOOO 
OOOO
C3
7 124 
16 2 5  
0000 
0.801 
25 026 
0.406 
OOOO 
0000 
0.187 
0.772 
0 6 3 8  
0 5 5 9  
0000 
OOOO
P5
1.757
0 5 0 9
6 6 5 2
0000
1.978
0000
0000
0000
0000
0000
6 6 8 4O0CC
0000
0000
P6
0000
0.000
0.000
7 0 6 2
0.154
0.000
0000
0000
0000
0000
2 1 6 4 2O0CC
0000
0 2 2 9
NC82P7
0 0 6 2  
0 0 6 2  
0000 
0.104 
0 6 6 5  . 
0000 
0000 
0000 
0000 
0000 
7 5 2 3  
0020 
OjOOO 
0 2 6 8
PF6
1 5606
1 1668
0000
0 3 5 6
0.907
0 3 2 8
0000
15 6 5
0 3 6 9
0000
0.173
0 3 5 8
0000
0000
A32
> lenient CRUST 1 PF9 F26 PF10 SED2 SED3
Si
Al
Ti
Fe
Ca
Kg
Na
I
P
S
C!
Zn
0.000
0.000
0.000
0.000
38.468
0.894
0.000
0.000
0.199
0.000
0.071
0.000
0.185
0.000
0.000
2 . 0 1 0
50.855
1.181
0.000
0.000
0.000
0.000
0.000
0.000
0.000 
0.000 
0.000 
0.1-64 
49.458 
0.000 
0.424 
0.115 
36.098 
0.000 
0.120 
O.OCO
43.749
37.886
0.000
o.ooo-
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.932
0.977
0.000
0.273
48.153
0.000
0.000
0.137
35.837
0.000
0.073
0.000
1.650
0.625
0.000
0.233
47.503
0.000
0.000
0.000
35.136
0.000
0.092
0.000
1 PF11 NCB4C1 NCB4C2P NCB4C2 NCB4C3 NCB4C4
0.289 44.042 0.000 12.122 3.124 59.341 0.000
C.000 34.918 0.000 9.984 3.304 10.749 0.140
0-000 0.000 0.000 0.000 0.000 0.263 0.000
0-000 0.000 0.000 0.939 0.295 1.667 0.000
35.678 0.000 0.565 0.194 0.142 0.374 1.181
0-000 0.000 0.732 0.000 0.321 0.478 0.582
0-COO 0.000 0.000 2.404 0.793 1.758 0.000
0-000 0.000 0.000 0.22! 0.131 3.321 0.000
26.44! 0.000 0.000 0.000 0.000 0.000 0.000
0-241 0.000 0.917 2.560 1.008 0.652 0.550
0-130 0.000 0.000 1.019 0.512 . 0.833 0.053
0-000 0.000 0.000 0.000 0.000 0.000 0.135
NCB4C5 NCB4C6 NCB4C6P PF12 F27 SED4 SED5
0.150
0.000
0.000
0.000
0.171
0.270
0.429
0.000
0.000
0.530
0.540
0.000
0.000
0.000
0.000
0.000
0.342
0.352
0.000
0.000
0.000
0.690
0.061
0.000
4.724
5.083
0.000
42.253
0.000
0.000
0.000
0.000
0.000
94.081
0.000
0.343
44.036
38.127
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.954
0.724
0.000
0.000
50.402
0.000
0.000
0.000
36.450
0.000
0.000
0.000
18.937
5.299
0.000
0.592
32.193
0.000
0.000
0.161
24.135
0.495
0.122
0.000
10.864
6.674
0.000
5.607
31.700
0.248
0.000
0.557
23.821
13.565
0.000
0.000
C2 PF13 F28 F29 C3 SED6 PFI4
! 0.000 43.540 0.000 0.000 0.301 3.133 43.566
2 0.000 38.361 0.000 0.000 0.000 1.281 37.655
3 ' 0 -1 5 8  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 .0 0 0  0 000
1 ° -000 0-000 0.000 0.360 0.000 0.384 o ’oOO
) 51-7<9 0-000 48.736 49.798 50.617 47.782 0*000
6 0.000 0.000 0.000 0.442 0.510
7 0,395. 0.000 0.557 0.000 0.000
8  ° - 000 0 .0 0 0  0.000 0.000 0.000 0 . 00*0 0 000
’  33-298 0.000 35.642 22.357 24.898 35.712 o ’.OOO
0.000 0.000 0.000 0.000 0.000 0.000 0 000
1 ° -000 0.000 0.129 0.000 0.000 0.000 o 'ooo
2 0 -0 0 0  0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000
0.000 0.000
A33
Best enterosp. data 15/6/88
PF15 F30E F31E F32E
44.406 0.000 0.000 0.000
2 37.715 0.000 0.000 0.000
3 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0
-• C.153 0.292 0.188 0.279
5 0 .0 0 0 51.303 48.551 50.862
6 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 01 0 .0 0 0 0.969 0.409 0.423g 0.123 0 .0 0 0 0 .0 0 0 0 .0 0 09 0 .0 0 0 38.037 34.665 37.184
1C 0 .0 0 0 0 .0 0 0 0.466 0 .0 0 011 0.066 0.094 0.123 0.10612 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0
F35E F36E F37E F38E
0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 02 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 03' 0 .0 0 0 0 .0 0 0 4).000 0 .0 0 04 0 .0 0 0 0.254 0.262 0.2335 48.120 51.127 46.881 50.9126 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 07 0 .0 0 0 1.251 0 .0 0 0 0.660
8 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 09 34.619 37.749 34.341 38.12810 0.88! 0 .0 0 0 0.408 0 .0 0 0
11 0.131 0.075 0.142 0.130
12 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0
F33E PF16 F34E
0.000
0.000
0.000
0.223
49.474
0.000
0.648
0.000
35.450
0.576
0.000
0.000
F39E
0.000
0.000
0.000
0.197
50.251
0.000
0.371
0.000
35.641
0.386
0.000
0.000
0.000
0.000
0.000
1.544
52.716
1.927
0.000
0.000
0.800
0.000
0.000
0.000
C4
0.000
0.000
0.000
0.324
43.071
0.345
0.411
0.000
30.717
0.000
0.171
0.000
0.000
0.000
0.000
0.362
50.793
0.000
0.968
0.000
37.396
0.000
0.092
0.000
SED7
17.254
9.626
0.000
2.681
29.412
1.098
0.000
0.935
22.152
0.000
0.000
0.000
SED8C SED9D CRUST2 CRUST3 CRUST4 CRUST5 CRUST6
47.815
9.842
0.160
1.385
0.113
0.587
0.000
1.250
0.000
0.369
0.093
0.000
54.222
15.045
0.268
2.514
0.137
1.132
0.000
1.942
0.000
1.435
0.000
0.000
0.000
0.000
0.000
0.000
51.053
1.062
0.000
0.000
1.161
0.937
0.000
0.000
0.000
0.000
0.000
0.383
45.850
1.004
0.000
0.000
0.509
1.071
0.000
0.000
0.244
0.000
0.000
0.214
51.833
1.306
0.385
0.000
0.69°
1.229
0.000
0.000
0.000
0.000
0.000
0.000
19.294
0.000
0.000
0.000
14.727
1.431
0.000
0.000
0.000
0.000
0.000
0.000
38.027
0.000
0.000
0.000
26.763
1.271
0.000
0.000
Element PF7 C4 PF8 CRUST7 - AV SED10
1 Si 3.0770 0.0000 12.4746 0.000 40.311
2 A1 1.3233 0.0000 8.0470 0.000 20.231
3 Ti 0.1598 0.0000 0.1854 0.000 0.642
4 Fe 0.4144 0.0975 1.8512 0.328 5.700
5 Ca 3.9216 12.4579 2.9959 39.457 0.393
6 «9 0.2305 0.1442 0.5852 0.231 1.452
7 Hn 0.0000 0.0000 0.0000 0.441 0.000
8 Na 3.5576 0.3710 0.5835 '0.177 2.436
9 X 0.7919 - 0.0000 1.0255 28.762 0.000
10 P 0.9386 7.8557 0.0000 1.467 6.940
11 S 0.7998 0.1030 0.2772 0.000 0.000
12 Cl 1.5988 0.1123 0.1124 0.000 0.000
13 Ni 0.0000 0.0000 0.0000
14 Zn 0.0000 0.1146 , 0.0000
A34
b
C o p ro li te  d a ta
T1 Et Et/ri lo t n t T l- n t  (T ) m t-n t (ra) T /n c h a rs
1 15 .6 9 .6 0 .6 1 5 10 .5 0 .0 15.600 9.600 1.625 Sp
2 17 .2 15 .8 0.919 8 .7 2 .0 15.200 13.800 1.101 sp
3 17 .5 18.0 1.029 0 .0 17.500 18.000 0 .9 7 2 sp .
4 20 .0 11 .6 0 .580 10 .5 0 .0 20 .000 11.600 1.724 Sp
5 2 0 .5 21 .0 1.024 13 .7 5 .5 15.000 15.500 0.968 t
6 2 1 .2 18.0 0 .849 2 .5 18.700 15.500 1.206 sp
7 2 1 .6 12.0 0 .5 5 6 11 .3 2 .0 19.600 10.000 1.960 Sp
8 22 .0 14.0 0 .636 12 .7 2 .7 19.300 11.300 1 .708 sp
9 22 .0 11.2 0.509 15 .6 0 .0 22 .000 11.200 1.964 Sp
10 2 2 .5 15.0 0 .6 6 7 11 .3 2 .3 20 .200 12.700 1.591 n
11 2 3 .0 17 .7 0 .770 12.0 3 .0 20 .000 14.700 1.36 ! r.
12 2 3 .3 11 .5 0 .494 11 .9 1 .8 21 .500 9.700 2 .216 n
13 2 3 .4 16.7 0.714 14.0 3 .0 20 .400 13.700 1.489 n
14 2 3 .6 21 .0 0.890 13 .6 5 .5 18.100 15.500 1.168 s?
15 24 .0 21.1 0 .879 12.0 3 .6 20 .400 17.500 1.166 n
16 24 .0 16.1 0.671 12.1 2 .7 21 .300 13.400 1.590 n
17 24 .0 20 .3 0 .846 2 2 .0 4 .3 19.700 16.000 1 .23! s?
18 24.1 17 .3 0 .718 12 .8 4 .6 19.500 12.700 1.535 sp
19 2 4 .2 16 .3 0 .674 12.1 4 .8 19.400 11.500 1 .687 S?
20 2 4 .9 13.0 0 .522 13.0 2 .5 22 .400 10.500 2 .133 n
21 25 .0 23 .0 0 .920 13.0 6 .0  , 19.000 17.000 1 .118 sp
22 26 .1 14.0 0 .5 3 6 16.1 0 .0 26 .100 14.000 1.864 sp
23 2 6 .6 20 .6 0 .774 13 .4 2 .1 . 24 .500 18.500 1.324 n
24 2 7 .0 19.4 0 .719 15.1 5 .0 22 .000 14.400 1.528 sp
25 2 7 .9 22 .4 0 .8 0 3 15 .0 2 .2 25 .700 20 .200 1 .272 n
26 2 8 .0 12 .8 0 .457 16 .0 2 .0 26 .000 10.800 2 .407 SP
27 2 8 .0 15 .5 0.554 1 6 .2 2 .0 26 .000 13.500 1.926 n
28 2 8 .2 2 5 .2 0 .894 15 .5 2 .4 25 .800 22.800 1.132 sp
29 2 8 .2 20.1 0 .7 1 3 1 6 .2 2 .7 25 .500 17.400 1.466 n
30 2 8 .4 18 .4 0 .6 4 8 1 4 .2 4 .9 23 .500 13.500 1.741 n
31 2 8 .7 13 .2 0 .460 14 .4 0 .0 28 .700 13.200 2 .174 Sp
32 2 8 .9 12 .4 0 .4 2 9 15.1 0 .0 28 .900 12.400 2 .3 3 ! s?
33 2 9 .0 17 .5 0 .603 15 .2 5 .9 23 .100 11.600 1.991 n
34 29.C 20 .6 0 .710 1 5 .2 2 .6 26 .400 18.000 1.467 t
35 2 9 .2 24 .0 0 .822 18 .7 2 .0 2 7 .200 22 .000 1.236 s?
36 3 0 .3 16.7 0.551 2 0 .5 3 .2 27 .100 13.500 2 .007 r.
37 3 0 .5 12.8 0 .420 12 .0 0 .0 30 .500 12.800 2 .3 8 3 s?
38 31 .0 20 .0 0 .6 4 5 16 .2 6 .2 24 .800 13.800 1 .797 n
39 3 1 .3 20 .0 0 .639 17 .6 3 .0 28 .300 17.000 1 .665 n
40 32 .0 18 .8 0 .588 19.1 2 .5 29 .500 16.300 1.810 sp
41 3 2 .2 24 .7 0 .767 2 0 .8 2 .8 29 .400 21 .900 1.342 sp
42 3 2 .6 20 .0 0 .613 1 9 .2 3 .0 29 .600 17.000 1.741 sp
43 33 .0 20 .0 0.606 2 1 .5 0 .0 33 .000 20 .000 1.650 ns
44 33 .0 9 .4 0 .285 26 .0 0 .0 33 .000 9 .400 3.511 n
45 3 3 .2 16 .5 0.497 2 2 .6 0 .0 33 .200 16.500 2 .0 1 2 sp
46 33 .4 18.4 0.551 17.1 3 .4 30 .000 15.000 2 .000 sp
47 3 3 .5 13.7 0 .409 2 7 .3 0 .0 33 .500 13.700 2 .4 4 5 s?
48 3 4 .0 10 .7 0 .3 1 5 21 .0 0 .0 34 .000 10.700 3 .1 7 8 sp
49 34.1 21 .5 0 .630 17 .7 2 .4 31 .700 19.100 1.660 s?
50 3 5 .5 2 2 .3 0 .6 2 8 2 0 .6 3 .7 31 .800 18.600 1.710 SP
51 3 5 .5 5 .0 0.141 30 .0 0 .0 35 .500 5 .000 7 .100 r.
52 3 6 .0 14.0 0 .3 8 9 2 0 .0 0 .0 36 .000 14.000 2 .571 SP
53 3 7 .6 15.4 0 .410 20 .0 2 .5 35 .100 12.900 2.721 n
54 3 7 .8 16 .5 0 .437 2 1 .0 2 .6 35 .200 13.900 2 .5 3 2 n
55 3 8 .4 20 .5 0 .534 1 9 .3 6 .3 32 .100 14.200 2.261 sp
56 3 9 .0 2 4 .7 0 .633 2 0 .0 2 .3 36 .700 22 .400 1 .638 r.
57 41 .0 2 6 .8 0 .654 22 .0 0 .0 41 .000 26 .800 1.530 n
58 4 3 .0 16 .8 0.391 2 5 .2 4 .0 3 9 .000 12.800 3 .0 4 7 r
59 4 6 .9 13 .9 0 .2 9 6 3 4 .6 0 .0 46 .900 13.900 3 .374 n
60 5 3 .6 15.0 0 .280 4 1 .4 0 .0 5 3 .600 15.000 3 .573 SP
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